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T h e  w o rk  of th is  th e s is  is  c o n c e rn e d  w ith  th e  chem ical 
a n a ly s is  of coal w as te  of th e  C e n tra l  S c o tt is h  C oalfield , t r e a t in g  th is  
coal w a s te  as a p la n t  g ro w th  medium w ith  th e  aim of re h a b i l i ta t in g  i t  
fo r  a g r ic u l tu r a l  u s e .  T h e re  a re  n u m e ro u s  chem ical and  p h y s ic a l 
f a c to r s  a c tin g  a g a in s t  p la n t  g ro w th  a n d  C h a p te r s  2-4 h ig h lig h t th r e e  
of th e  m ain p ro b lem s v iz . h ig h  le v e ls  of t r a c e  elem ents, low p h o s p h o ru s  
c o n te n t  a n d  low le v e ls  of e x c h a n g e a b le  c a t io n s . T he  p h y s ic a l p ro p e r t ie s  
of coal w a s te  a re  o u tw ith  th e  sco p e  of th is  th e s is  a lth o u g h  th e y  a re  
d is c u s s e d  in  C h a p te r  1.
C h a p te r  1 d e s c r ib e s  th e  two m eth o d s of coal e x tra c tio n , o p e n ­
c a s t  a n d  d eep  mining, th e  l a t t e r  b e in g  th e  m ost commonly u s e d  in  th e  
U n ite d  K ingdom , p ro d u c in g  some 17.5  m illion to n n e s  of coal w as te  
a n n u a lly  ( a t  th e  p r e s e n t  coal p ro d u c tio n  r a te )  ad d in g  to  th a t  w h ich  h as  
acc u m u la ted  in  th e  p a s t ,  e s tim a ted  in  1982 a t  3, 000 million to n n e s  
c o v e r in g  13, 000 h e c ta re s  of la n d . O ne of th e  main p rob lem s 
e n c o u n te re d  in  spo il rec lam atio n  is  th e  h e te ro g e n e o u s  n a tu re  of th e  
m a te ria l a n d  th e  c o n s id e ra b le  d if fe re n c e s  in  chem ical an d  p h y s ic a l 
p r o p e r t ie s  fo u n d  b e tw ee n  s ite s , each  s ite  r e q u i r in g  c a re fu l s tu d y  a t 
e ach  s ta g e  of o p e ra tio n . C o u p led  w ith  th is  a re  th e  c h an g e s  w h ich  o ccu r 
in  th e  sp o il on  e x p o s u re ,  p a r t ic u la r ly  th e  o x id a tio n  of iro n  p y r i te s  
(F e S 2 ) ,  p ro d u c in g  s u lp h u r ic  ac id  w h ich  th r e a te n s  p la n t e s ta b lish m e n t 
a n d  a lso  a t ta c k s  th e  spo il m a tr ix .
C h a p te r  2 exam ines th e  p rob lem  of h ig h  lev e ls  of av a ilab le  
t r a c e  e lem en ts  fo u n d  in  co llie ry  sp o il a n d  th e i r  u p ta k e  b y  p la n ts , f iv e  
e lem en ts  b e in g  ch o sen  fo r  s tu d y ,  nam ely  F e , A&, Mn, C u an d  Zn, 
a l th o u g h  th e r e  a re  many o th e rs  w h ich  a re  lim iting  to  p la n t g ro w th . A 
co m p ariso n  was m ade of th e  tr a c e  e lem en t c o n te n t of p e re n n ia l r y e g r a s s  
(Lolium  p e r e n n e ) grow n on a rec la im ed  spo il a n d  an a ra b le  soil to  
d e te rm in e  th e  s ite s  of re q u ire m e n t o r d e p o s itio n  w ith in  th e  p la n t .  A 
f ie ld  t r i a l  w as s e t  up  to  d e te rm in e  th e  e f fe c ts  of ad d itio n  of lime a n d  
o rg a n ic  am endm ents  to spoil on th e  t r a c e  elem en t c o n te n t of th e  sw ard , 
r e s u l t s  b e in g  p r e s e n te d  fo r th e  f i r s t  h a r v e s t  ta k e n  a f te r  e leven  w eek s 
g ro w th . D ue to  th e  s h o r t  g ro w in g  tim e no  co n c lu sio n s  can  b e  d raw n  
from  th e  o rg a n ic  am endm ent t r i a l  a l th o u g h  th e  e f fe c ts  of tr a c e  e lem en t 
c o n te n t  on p la n t  y ie ld  a re  d is c u s s e d .
A fte r  n itro g e n , p h o s p h o ru s  is  th e  e lem ent m ost r e s t r ic t iv e  to  
p la n t  g ro w th  in  co llie ry  sp o il. C h a p te r  3 d is c u s s e s  th e  prob lem  of low 
le v e ls  of av a ilab le  p h o sp h o ru s  a n d  th e  c a p a c ity  of th e  spo il to  fix  
p h o s p h o ru s  in  an  u n av a ilab le  form  th ro u g h  a d s o rp tio n  on h y d ro u s  
o x id e s  o f iro n  a n d  alum inium . A g ro w th  e x p e rim e n t u n d e r  c o n tro lle d  
c o n d itio n s  in w hich v a ry in g  le v e ls  of lime a n d  p h o s p h o ru s  f e r t i l iz e r  w ere  
a d d e d  to  th r e e  sp o ils  show ed th a t  b o th  sp o il pH an d  p h o sp h o ru s  
d e f ic ie n c y  a re  m ajor fa c to rs  lim iting  p la n t  g ro w th .
C h a p te r  4 d is c u s s e s  th e  ca tio n  e x c h a n g e  cap ac ity  an d  e x c h a n g e ­
ab le  b a se  c o n te n t of co llie ry  spo il i . e .  th e  a b ility  of th e  m a te ria l to  ho ld  
c a tio n s  in  a form  w hich  may b e  r e le a s e d  to  th e  spo il so lu tion  fo r  p la n t  
u p ta k e  a n d  th e  le v e ls  of e x c h a n g e a b le  C a^ +, M g^+, K+ an d  N a+ fo u n d  in  
a r a n g e  of sp o il sam ples. R e s u lts  show  th a t  th e  am orphous iro n  a n d
alum inium  o x id es  in  th e  spo il a re  a d s o rb e d  on e x c h a n g e  s ite s , w hile th e  
am o rp h o u s m a n g an ese  f ra c t io n , i t s e l f  b e in g  n e g a tiv e ly  c h a rg e d , may 
h o ld  n u t r i e n t  c a tio n s  in  an  av a ilab le  form .
C o llie ry  spo il b e in g  a p o o r g ro w th  medium r e q u ir in g  th e  
a d d itio n  of h ig h  r a te s  of f e r t i l iz e r s  fo r  p la n t  g ro w th  m ay b e  rec la im ed  
m ore su c c e ss fu lly , if  m ore e x p e n s iv e ly , b y  th e  u se  of a soil c o v e r . 
C h a p te r  5 re v ie w s  th e  a d v a n ta g e s  of th e  u se  of so il in  sp o il rec lam atio n  
b a s e d  on e v id en ce  co llec ted  from  13 rec la im ed  s i te s  in  C e n tra l  Scotland , 
th e s e  b e in g  d e s c r ib e d  fu lly  in  A p p e n d ix  I I .  T h is  s tu d y  show s th a t
th e s e  a d v a n ta g e s , h o w ev e r, may b e  g r e a te r  if  th e  n a tu r e  of th e  u n d e r ­
ly in g  spo il w as f i r s t  c o n s id e re d , as th e  so il la y e r  does n o t com plete ly  
rem o v e  th e  p la n t  from  th e  e f fe c ts  of th e  sp o il.
CHAPTER 1
COLLIERY SPOIL RECLAMATION
1.1  INTRODUCTION
B r i ta in 's  coal in d u s t r y  s u c c e s s fu lly  la u n c h e d  a n d  s u s ta in e d  
th e  f i r s t  in d u s tr ia l  re v o lu tio n  a n d  to d a y  coal rem a in s  B r i ta in 's  b ig g e s t  
e n e rg y  r e s o u rc e ,  g e n e ra t in g  81% of o u r  n e e d s . 87 .8  m illion to n n e s  of 
coal w ere  p ro d u c e d  in  1985/86 from  th e  169 p i t s  o p e ra te d  b y  th e  N ational 
Coal B o a rd , w ith  sm aller c o n tr ib u tio n s  to ta ll in g  a b o u t 15 m illion to n n e s  
from  o p e n c a s t m in ing  an d  from lic e n se d  m ines ( " B r i ta in 's  Coal I n d u s t r y " ,  
N ational Coal B o a rd  P u b lic a tio n  1986).
T he e x tra c t io n  of an y  u n d e rg ro u n d  m in e ra l d e p o s it su c h  as 
coa l, m etal o r e s ,  s a n d ,  g ra v e l ,  c la y , lim estone  e tc .  c a u s e s  d is ru p tio n  
of th e  la n d  s u r f a c e ,  th e  en v iro n m en ta l im pact of w hich  is  d ram a tic  b o th  
a e s th e tic a lly  a n d  p h y s ic a l ly ,  w ith  th e  e f fe c t on th e  s u r ro u n d in g  la n d  of 
th e  w aste  h e a p s , o r  b in g s ,  b e in g  fe lt  o v e r  a w ide a re a  a n d  fo r a long  
p e r io d  if  le f t  u n c h e c k e d .
I t  is  th e  aim of th e  w ork  d e s c r ib e d  in  th is  th e s is  to  id e n tify  
some of th e  f a c to r s  m ilita tin g  a g a in s t  p la n t  g ro w th  on co llie ry  sp o il, to  
im prove it  as a g ro w th  medium a n d  e s ta b l is h  a v e g e ta tio n  c o v e r ,  th e re b y  
re d u c in g  th e  e f fe c ts  o f sp o il on th e  e n v iro n m e n t.
21 .2  M ethods o f C oal M ining
T h e  e x tra c tio n  of coal may b e  c a r r ie d  o u t u s in g  tw o m e th o d s , 
o p e n c a s t m ining  a n d  d eep  m in ing , th e  l a t t e r  a c c o u n tin g  fo r  ap p ro x im a te ly  
82% of to ta l  coal p ro d u c tio n  in  B r ita in .
1 .2 .1  O p e n c a s t m ining
S t r ip ,  s u r f a c e ,  o r o p e n c a s t m in ing  in v o lv e s  e x p o s u re  of th e  
coal seam  b y  rem o v a l of th e  o v e r ly in g  soil a n d  ro c k s ,  a n d  th e  rem oval 
of th e  coal from  a b o v e . T h is  m ethod  w as in t ro d u c e d  in  B r ita in  in 1941, 
p r im a r ily  as  a q u ic k  m ethod of coal e x tra c t io n  to  s u p p ly  a m uch n e e d e d  
fu e l d u r in g  th e  S eco n d  World War a n d  i ts  u se  h a s  c o n tin u e d  to th e  
p r e s e n t .
U n til th e  mid 1960s s u r fa c e  m in ing  of coal was n o t c o n s id e re d  
fe a s ib le  w hen th e  o v e rb u rd e n :  seam th ic k n e s s  r a t io  was 10:1 o r le s s .  
H ow ev er, s in ce  1965 th is  ra tio  h a s  b e e n  in c re a s in g  d u e  to  d ev e lo p m en ts  
in  m in ing  te c h n o lo g y  a n d , d e p e n d in g  on th e  ty p e  of o v e rb u rd e n ,  d e p o s its  
w ith  ra t io s  of u p  to  30:1 may now b e  econom ically  rem oved  (U .S .  C o n g re s s  
O ffice of T ec h n o lo g y  1979). In  1985/86, 55 o p e n c a s t s i te s  p ro d u c e d
15.6  m illion to n n e s  of coal, in c lu d in g  m ore th a n  h a lf  of B r i ta in 's  
a n th ra c i te  (n o n -b itu m in o u s  c o a l) .
S u r fa c e  m ining  h a s  th e  a d v a n ta g e  th a t  th e  e x ca v a tio n  may be 
e x p a n d e d  m ore r a p id ly  th a n  deep  m in in g , i t  im poses low er c a p ita l an d  
la b o u r  c o s ts  p e r  to n n e  of coal rem o v e d , i t  is  le s s  h a z a rd o u s  to  miners* 
h e a l th  a n d  l iv e s ,  a n d  re c o v e rs  a h ig h e r  p ro p o r tio n  of th e  coal r e s e r v e .  
H o w ev er, th e  e n v iro n m e n ta l im pact of s u r f a c e  m ining may b e  m uch more
3d r a s t i c ,  in v o lv in g  re lo c a tio n  of fa rm s , d iv e rs io n  of s tre a m s  a n d  r i v e r s ,  
a d ju s tm e n t in  w a te r  ta b le  le v e ls  o r  rem o v a l of f o r e s ts ,  some of th e se  
c h a n g e s  b e in g  i r r e v e r s ib le .  R e s to re d  s tr ip -m in e d  la n d  may n e v e r  
r e g a in  i t s  p ro d u c t iv i ty  o r  n a tu ra l  b e a u ty  co m p le te ly , a lth o u g h  a re a s  of 
p o o r la n d  may b e  im p ro v ed  g re a t ly  a n d  m ade p ro d u c t iv e ,  e .g .  m a rsh la n d  
r e s to r e d  as  a ra b le  la n d  o r  am en ity  a r e a s .
A t th e  in tro d u c tio n  of o p e n c a s t  m ining l i t t le  r e g a r d  w as g iv en  
to  r e s to r a t io n  of th e  m ined la n d . H o w ev er, a s  th is  m ethod c o n tin u e d  to 
b e  u s e d  a n d  th e  a re a  of u n rec la im ed  la n d  in c re a s e d ,  i t  becam e n e c e s s a ry  
to  in t ro d u c e  le g is la tio n  to  p lace  th e  re s p o n s ib i l i ty  of rec lam atio n  on th e
p r o d u c e r ,  a c o s t w h ich  in  fa c t r e p r e s e n t s  on ly  5% of th e  to ta l co s t of
m ining  o p e ra tio n s  (A rg u ile  1975) . R e s to ra t io n  of th e  la n d  is  now an  
in te g ra l  p a r t  of th e  o p e n c a s t m ining  p ro g ra m , a n d  o p e ra to rs  h a v e  a 
r e s p o n s ib i l i ty  to  r e s to r e  i t  to  a s u ita b le  s ta n d a r d ,  u su a lly  to  i ts  o r ig in a l 
s ta t e ,  a n d  r e ta in  re s p o n s ib il i ty  fo r  r e h a b i l i ta te d  la n d  fo r  a minimum p e r io d , 
in  B r ita in  a n d  th e  U n ited  S ta te s  th i s  b e in g  fiv e  y e a r s .
T h e  se q u e n c e  of o p e ra t io n s  in v o lv e d  in  o p e n c a s t m in ing  is :
1. Rem ove to p so il a n d  su b so il a n d  s to r e  eac h  s e p a ra te ly .
2. Rem ove o v e rb u rd e n  an d  ex p o se  th e  coal seam .
3. R em ove coal.
4. B ack fill th e  ex ca v a tio n  w ith  o v e r b u r d e n ,  p la c in g  th e  m a te ria l in  
s t r a t ig r a p h ic  o rd e r  if more th a n  one ty p e  of m a te ria l is  rem oved  
in  o r d e r  to  m ain ta in  g ro u n d w a te r  a n d  d ra in a g e  re g im e s , w hile 
c re a t in g  th e  r e q u ir e d  lan d fo rm  a n d  to p o g ra p h y .
5. R ep lace  su b so il a n d  to p so il.
6. P la n t v e g e ta tio n .
R ep lacem en t of o v e r b u r d e n  sh o u ld  b e  c a r r ie d  o u t c o n tin u o u s ly , rem oved 
m a te ria l b e in g  r e in s t a te d  in  th e  p re v io u s  s t r ip  an d  th e  so il c o v e r  
re p la c e d  a s  soon a s  p o s s ib le  to  av o id  s to ra g e  w hich  may c a u se  c h a n g e s  
in  soil p ro p e r t ie s  s u c h  a s  b re a k d o w n  of soil s t r u c tu r e .  In  th is  way th e  
la n d  is  a f fe c te d  fo r  a s  s h o r t  a tim e as  p o ss ib le  an d  th e r e  is  l i t t le  
p h y s ic a l ev id en ce  le f t  on th e  s u r fa c e  a f te r  coal e x tra c tio n .
1 .2 .2  D eep m ining
In  1985/86, 169 c o llie r ie s  u n d e r  th e  co n tro l of th e  N ational 
Coal B o a rd  p ro d u c e d  87 .8  million to n n e s  of coal u s in g  d eep  m ining  
m e th o d s . U n d e rg ro u n d  m in ing  is  c o n s id e ra b ly  m ore com plex  th a n  su rfa c e  
m in in g , in v o lv in g  th e  c o n s tru c t io n  of tu n n e ls  an d  ra ilw a y s , a n d  th e  t r a n s ­
p o r ta t io n  of men a n d  coal a t  d e p th s  o f te n  ex ce ed in g  1000 m e tre s  ( th e  
d e e p e s t  coalface  in  B r ita in  is  a t W olstanton C o llie ry , S ta f fo rd s h ir e ,  a t 
1102 m e tre s ) .  A f te r  rem oval of th e  coal seam th e  tu n n e l  ro o f may b e  
s u p p o r te d  in two w a y s , e i th e r  b y  c o n s tru c t in g  s u p p o r ts  b e h in d  th e  
c u t t in g  m ach in e ry  a s  i t  t r a v e ls  a long  th e  seam , o r b y  le a v in g  p il la rs  of 
coal in  p lace  as  a n a tu r a l  ro o f  s u p p o r t .  In  th e  la t t e r  c a s e ,  th e  d e e p e r  
th e  mine th e  la rg e r  th e  p i l la r s  w h ich  m ust b e  le f t r e la t iv e  to  th e  am ount 
of coal e x t r a c t e d . T h is  m ethod  was u se d  w idely  in  deep  m ines in th e  
U n ite d  S ta te s  w h e re  i t  is  e s tim a te d  th a t  th e  a v e ra g e  am oun t of coal le ft 
b e h in d  a s  ro o f s u p p o r ts  in  o ld  m ines is  42% (B ry e n to n  a n d  R ose 1976).
A n a l te rn a t iv e  form  o f d e e p  m ining is  "longw all" m ining  w hich  allows th e  
ro o f of th e  tu n n e l to  co llap se  a f te r  th e  c u t te r  h a s  rem o v ed  a c ro s s -s e c tio n  
of th e  seam a n d  m oved fo rw a rd . T h is  r e s u l t s  in th e  e x tra c tio n  of 
p ra c t ic a l ly  th e  w hole coal seam b u t  r e s u l t s  in  defo rm ation  o f th e  o v e rly in g
s t r a t a  a n d  s u b s id e n c e  o f th e  s u r fa c e  in  shallow  m ines . B y  th e  en d  of 
1985 some 47,000 claim s w ere  o u ts ta n d in g  a g a in s t th e  N ational Coal B o ard  
r e g a r d in g  la n d  s u b s id e n c e ,  18,500 claim s b e in g  re c e iv e d  in  th a t  y e a r ,  
w hile 29,000 c a s e s  w e re  re s o lv e d  a t  a c o s t to  th e  N .C .B .  of £99 million 
(N atio n a l Coal B o a rd  A n n u a l R e p o rt 1984/85).
D eep m in ing  is  m a rk e d  b y  th e  d ep o sitio n  on th e  s u r fa c e  of 
w a s te , c o n s is tin g  m ain ly  of sh a le , s a n d s to n e  an d  o th e r  ro c k  fra g m e n ts  
rem o v ed  from  s t r a t a  o v e r ly in g  th e  coal seam . I t  is  e s tim a te d  th a t  fo r 
e v e ry  five  to n n e s  of s a le a b le  coal e x tra c te d  b y  deep  m in ing  o p e ra tio n s , 
one to n n e  of w aste  m a te r ia l is  b ro u g h t  to  th e  s u r fa c e  a n d  d um ped  in 
h e a p s ,  o r  b in g s ,  c lo se  to  th e  p it  h ead  (R ic h a rd so n  1976), th u s  le av in g  
a b lo t on th e  la n d  w h ich  a f fe c ts  th e  s u r ro u n d in g  a r e a ,  n o t on ly  from an 
a e s th e tic  p o in t of v ie w , b u t  th ro u g h  d u s t  com tam ination a n d  se a p a g e  of 
co n tam in a ted  w a te r  in to  n e a rb y  f ie ld s  a n d  w a te r  c o u rs e s  ( s e e  sec tio n  1 .5 ) . 
B y  th is  e s tim a tio n , ap p ro x im a te ly  17.5 million to n n e s  of w as te  will be 
d e p o s ite d  on th e  s u r f a c e  from  deep  coal m ining in  th e  U n ite d  Kingdom  
eac h  y e a r ,  a t  th e  p r e s e n t  r a te  of coal p ro d u c tio n , a d d in g  to  th a t  w hich 
h a s  b een  p ro d u c e d  in  th e  p a s t ,  e s tim a ted  a t  a p p ro x im a te ly  3 ,000 million 
to n n e s  b y  1974 (G u t t  e t  a l. 1974) . R eclam ation of th e  la n d  ta k e n  up  b y  
th is  w aste  m ay b e  acco m p lish ed  e i th e r  b y  d ea lin g  d ir e c t ly  w ith  th e  sp o il, 
e s ta b l is h in g  p la n ts  b y  im p ro v in g  th e  cond ition  of th e  m a te r ia l i t s e lf ,  o r 
b y  u s in g  a c o v e r  of so il to  rem ove th e  p la n ts  to  some d e g re e  from  th e  
e f fe c ts  of th e  sp o il. T h e  e f fe c ts  th a t  spo il h a s  on p la n t  g ro w th  a re  
d e a lt w ith  in  C h a p te r s  2-4  w hile th e  u se  of a soil c o v e r  is  re v ie w e d  in 
C h a p te r  5.
61 .3  Coal P ro d u c tio n  T h ro u g h o u t th e  W orld
In  1913 G re a t B r i ta in ,  G erm an y , F ra n c e  an d  th e  U n ited  S ta te s  
to g e th e r  p ro d u c e d  m ore th a n  90% o f  th e  w o r ld 's  coal, th is  p ro d u c tio n  
a c c o u n tin g  fo r  v ir tu a l ly  all th e  w o rld 's  e n e rg y  s u p p ly . H ow ever, o v e r  
th e  fo llow ing  y e a r s  th e re  w as a g ra d u a l s h i f t  from  th e  u se  of coal to  oil 
a n d  g as  as  e n e rg y  s o u rc e s ,  a n d  b y  th e  b e g in n in g  of th is  decade  coal 
a c c o u n te d  fo r  o n ly  a b o u t 30% of th e  e n e rg y  n e e d . D e sp ite  th is  r e la tiv e  
d ec lin e  in  u s e ,  coal s til l  p ro d u c e s  40% of th e  w o rld 's  e le c tr ic ity  an d  is  
v ir tu a l ly  th e  on ly  e n e rg y  so u rc e  fo r  th e  iro n  a n d  s te e l in d u s t r y .
T ab le  1 .1  show s th e  d is tr ib u tio n  of w orld  coal d e p o s its  an d  
th e  am oun t of te c h n ic a lly  re c o v e ra b le  coal b a s e d  on p r e s e n t  e x tra c tio n  
te c h n iq u e s  (W ilson 1980). H ow ever, i t  m ay be assu m ed  th a t  f u tu r e  
d ev e lo p m en ts  in  m in ing  tech n o lo g y  will in c re a s e  th e  p e rc e n ta g e  of th e  
geo log ical r e s e r v e  w h ich  will b e  econom ically  re c o v e ra b le .
1 .3 .1  Coal p ro d u c tio n  in  G rea t B r ita in
T o ta l coal p ro d u c tio n  in  B r ita in  in  1985/86 w as 102.9 million 
to n n e s  -  87. 8m 0to n n e s  from  deep  m ines , 13. 6m. to n n e s  from  o p e n c a s t 
m ines a n d  1 .5 m .to n n e s  from  lic e n se d  m in es .
Of th e  to ta l am ount of coal p ro d u c e d  in  B r ita in  ap p ro x im ate ly  
75% is  u s e d  b y  p o w er s ta t io n s  to  p ro d u c e  80% of o u r  e le c tr ic i ty ,  th e  
re m a in d e r  b e in g  u s e d  fo r  in d u s tr ia l  a n d  dom estic  b u rn in g  ( " B r i ta in 's  Coal 
I n d u s t r y " ,  N a tio n a l Coal B o ard  P u b lic a tio n  1986). T h e  N ational Coal 
B o a rd  a t  p r e s e n t  w o rk s 169 co llie ries  co m p ared  to  1 ,000 w hich  w ere ta k e n  
o v e r  a t  n a tio n a lis a tio n  of th e  in d u s t r y  in  1947.
Coal p ro d u c tio n  in  S co tlan d  h a s  b e e n  d ec lin in g  o v e r  r e c e n t  
y e a r s ,  th e  p ro d u c tio n  f ig u re s  fo r  th e  p a s t  s ix  y e a r s  b e in g :
1980/81 
1981/82 
1982/83 
1983/84 
* 1984/85 
1985/86
7 ,6 8 9 ,2 2 7  to n n e s  
7 ,1 6 2 ,2 5 3  
6 ,5 6 9 ,3 0 0  
5 ,2 1 6 ,9 2 4  
280,332 
4 ,1 8 0 ,9 9 2
P ro d u c tio n  d ra s t ic a lly  re d u c e d  d u e  to  m in e rs ' d is p u te .
F ig u re s  from  N .C .B .  p e rso n a l com m unica tion .
T h e se  f ig u re s  a re  c o n s id e ra b ly  low er th a n  th e  20-30 m illion to n n e s  
p ro d u c e d  a n n u a lly  in th e  1940-50 p e r io d .
F ig u re  1 .1  show s th e  main coal p ro d u c in g  a re a s  of S co tlan d ,
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Figure 1.1. Major coalfields of Scotland.
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91. 4 Coal W aste D isp o sa l
D um ping of coal m ine w as te  in  th e  p a s t  w as in d isc r im in a te  an d  
done  in  h a s te ,  th e  p rim e  o b je c tiv e  of th e  m ine o p e ra to r s  b e in g  to  e x t r a c t  
th e  coal as  q u ic k ly  a s  p o s s ib le ,  a n d  l i t t le  th o u g h t o r  p la n n in g  w e n t in to  
th e  m ethods of w as te  d isp o sa l from  th e  p o in t of view  of th e  e f fe c ts  of 
th e  b in g s  on th e  e n v iro n m e n t. A s a r e s u l t  th e  b u lk  of th e  m a te ria l was 
p ile d  h ig h  on n e a rb y  la n d  from  a c o n v e y o r lin e , w ith  w aste  d u m p ed  to  
th e  f r o n t ,  fo rm ing  a p r o g r e s s iv e ly  h ig h e r  cone ( r is in g  in  c a s e s  u p  to  
50m) w ith  a long  s lo p in g  ta il u p  w hich  th e  c o n v e y o r t r a c k s  r a n  ( P la te  1). 
O th e r  b in g s  fo rm ed  b y  dum p in g  w aste  from m ore th a n  one lin e  may h av e  
a n u m b e r of p e a k s  o r  a p la te a u  to p ,  aga in  h a v in g  s te e p  s lo p e s .
B in g s  form ed  in  th e s e  w ays h a v e  s te e p ,  u n s ta b le  s lo p es  w h ich  te n d  to
s lip  a n d  d is lo d g e  th e  ro o ts  o f a n y  p la n ts  w hich  a re  ab le  to  e s ta b l is h  
th e m se lv es  n a tu ra l ly  ( P la te  2 ) .  H ow ever, w e a th e r in g  a n d  s lip p a g e  may 
r e s u l t  in  th e  accu m u la tio n  a t th e  b a s e  of th e  s lo p es  of m a te ria l d is lo d g e d  
from  a b o v e , r e s u l t in g  in  some p la n t  e s ta b lish m e n t a t  th e  b a s e  w ith  th e
u p p e r  slope rem a in in g  b a r e .
U n d e rg ro u n d  m ining  u s e s  la rg e  q u a n tit ie s  o f w a te r ,  b o th  d u r in g  
th e  rem oval p ro c e s s  fo r  d u s t  s u p p re s s io n  a n d  th e  cooling  of m a c h in e ry , 
a n d  fo r  th e  w ash in g  of coal on  th e  s u r fa c e .  W aste w a te r  c o n ta in in g  
s u sp e n d e d  m ineral m a tte r  is  p u m p e d  in to  lag o o n s a n d  th e  w a te r  rem o v ed  
b y  e v a p o ra tio n  a n d  s e e p a g e , le a v in g  la rg e  a re a s  of "w a sh e ry "  w aste  
c o n ta in in g  f in e  co a l, s i l t  a n d  c la y . S u ch  a re a s  may rem a in  a s  a s lu r r y  
fo r  m any y e a r s  d u e  to  w a te r  b e in g  h e ld  in  th e  m a trix  of f in e  p a r t ic le s  
o r if  th e y  d ry  n a tu ra l ly  will la c k  s u ita b le  s t r u c tu r e  to  s u p p o r t  p la n t  
g ro w th .
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PLATE 1 -  Typical  bing form.
PLATE 2 -  Evidence  of surface "creep':
1 1
In  o r d e r  to re d u c e  th e  am oun t of spo il dum ped on th e  s u r fa c e , 
o th e r  m eans of d isp o sa l h av e  b e e n  s o u g h t ,  w ith  some su c c e s s , a lth o u g h
th e  p ro p o r tio n  of th e  to ta l am ount of sp o il p ro d u c e d  w hich  is  u tiliz e d  by
th e s e  m e th o d s  is  sm all. S ince on ly  l / 6 t h  of th e  volum e of m ateria l 
e x t r a c te d  is  le f t  as w aste  th e re  is  am ple sp ace  in  th e  w orked  ou t mine 
s h a f ts  to  accom m odate i t  all. H ow ever, a l th o u g h  some stow age in  mine 
w o rk in g s  is  c a r r ie d  o u t in th e  R u h r  co a lfie ld  in  W est G erm any , to  do so 
in  B r ita in  w ould in v o lv e  m odification  o f th e  e x is t in g  e x tra c tio n  m ach in e ry  
a t g r e a t  e x p e n s e  to  re p la c e  all of th e  w aste  u n d e rg ro u n d .
A re la t iv e ly  small am ount of spo il is  u s e d  in  b a c k -f illin g  of 
q u a r r y  w o rk in g s , ro ad w o rk s  an d  o th e r  c iv il e n g in e e r in g  a c tiv itie s  due  
to  th e  fa c t th a t  good com paction can  be  a c h ie v e d  g iv in g  a firm  b a se  fo r 
c o n s tru c t io n ,  a n d  c o n s id e ra b le  r e s e a r c h  h as  b een  c a r r ie d  o u t in to  th e  
u se  of spo il as an  a g g re g a te  in c o n c re te  p ro d u c tio n  (B ry e n to n  an d  R ose 
1976) an d  in  b r ic k  p ro d u c tio n  (G u tt  et. a l. 1974, Law son and  N ixon 1978). 
B ry e n to n  a n d  R ose ( 1976) o u tlin e  26 " c o a l-c re te "  m ixes and  recom m end 
i t s  u s e  fo r  th e  c o n s tru c tio n  of ro o f s u p p o r ts  d u r in g  coal e x tra c tio n , 
th e re b y  g iv in g  g r e a te r  coal p ro d u c tio n  from  each  mine by  e lim inating  
th e  n e e d  to  le av e  coal p il la rs  ( s e e  se c tio n  1 .2 .2 ) .
I t  w as e s tim a ted  in  1971/72 th a t  a b o u t 50 million to n n e s  of
sp o il w ere  d e p o s ite d  on in lan d  s ite s  in  B r ita in  in th a t  y e a r  and  a f u r th e r  
6 million to n n e s  w ere  dum ped  a t s e a ,  w ith  a b o u t 7 million to n n e s  of th e  
la n d -d u m p e d  m a te ria l b e in g  u tiliz e d ; 80-90% fo r  b ack fillin g  e tc . and  
10-20% fo r  c o n c re te  a g g re g a te  a n d  b r ic k  m a n u fa c tu re , m ainly in S co tlan d  
(G u tt  e t  a l . 1974).
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Jam es (1982) e s tim a te d  th a t  e x is t in g  t ip s  in  B r ita in  ow ned b y  
th e  N ational Coal B o a rd  c o n ta in e d  2 ,500  million to n n e s  of spo il a n d  
c o v e re d  11,000 h e c ta re s  w ith  a f u r th e r  500 million to n n e s  in  p r iv a te  
o w n e rsh ip . I t  is  u n lik e ly  th a t  s u c h  a s to ck p ile  of m a te ria l will b e  
s ig n if ic a n tly  r e d u c e d  b y  su c h  m e th o d s as  th o se  o u tlin e d  a b o v e , b u t  
w ith  c u r r e n t  d ev e lo p m en ts  i t  may b e  p o ss ib le  to  u tiliz e  a g r e a te r  p a r t  
of th e  p r e s e n t  w as te  p ro d u c tio n , th e re b y  re d u c in g  th e  r a te  a t  w hich  
la n d  is  ta k e n  up  b y  dum p in g .
1 .5  T h e  E ffec t of Coal B in g s  on th e  E n v iro n m en t
D esp ite  th e  fa c t th a t  a b in g  may only  c o v e r  a re la tiv e ly  small 
a r e a ,  c o n s id e r in g  th e  m ass of m a te ria l c o n ta in e d  th e re in ,  i t  e x e r t s  an  
e f fe c t on th e  s u r ro u n d in g  la n d  o v e r  a w ide a r e a .
1. A s m en tio n ed  in S ec tio n  1 .4 , b in g s  u su a lly  h a v e  s te e p -s lo p in g  
s id e s  a n d  o f te n  dom inate th e  la n d s c a p e , as  th e y  a re  v is ib le  fo r  a 
c o n s id e ra b le  d is ta n c e . T h e  a e s th e tic  e f fe c t on th e  s u r ro u n d in g  la n d  
is  th e re fo re  g r e a t ,  a n d  fo r  th is  re a s o n  alone rec lam ation  is  ju s t i f ie d  
a n d  d e s ira b le ,  to  r e g ra d e  a n d  c o v e r  th e  spo il w ith  v e g e ta tio n  in  o rd e r  
to  b le n d  i t  in to  th e  s u r ro u n d in g  la n d sc a p e . In  an  e f fo r t  to  re d u c e  
th e  v isu a l im pact of m ining w aste  on th e  e n v iro n m e n t, a sy s tem  of 
p ro g re s s iv e  rec lam atio n  h as  b e e n  a d o p te d  in  some a r e a s ,  n o ta b ly  in  th e  
R u h r  a re a  of th e  F e d e ra l R ep u b lic  of G erm any . W aste is  d e p o s ite d  in 
la y e r s ,  w ith  su c c e e d in g  la y e r s  r is in g  in  a s te p  fo rm ation  a n d  th e  w hole 
tip  h a v in g  a g e n t le r  s lope th a n  b in g s  fo rm ed  b y  o v e rh e a d  tip p in g .
As each  la y e r  is  form ed  th e  p re v io u s  la y e r  is  t r e a te d  a n d  p la n te d  w ith  
t r e e s ,  th u s  as dum ping  c o n tin u e s ,  th e  low er s lo p es  of th e  b in g  a re  
rec la im ed  an d  s c re e n e d  from  v iew . S u ch  p rob lem s a s  th e s e  a re  
m inim ised o r p e rh a p s  a b s e n t  if th e  m ine spoil is  dum ped  in  rem o te  a re a s  
a s  is  o f te n  th e  ca se  in th e  U n ited  S ta te s  a n d  C anada  w h e re  coal r e s e r v e s  
h a v e  b e e n  e x tra c te d  in  m ountain  a r e a s  a n d  th e  p r e s s u r e  on th e  o p e ra to rs  
to  recla im  th e  spo il i s  r e d u c e d ,  in w hich  case  a low m a in ten an ce  c o v e r  
is  r e q u i r e d  an d  th e  rec la im ed  la n d  is  le f t  a s  a "w ild e rn ess"  a re a .
2. U n p ro te c te d  spo il h e a p s ,  i . e .  th o se  lack in g  a v e g e ta tio n  c o v e r ,  
a re  s o u rc e s  of d u s t  w hich  may b e  c a r r ie d  a c o n s id e ra b le  d is ta n c e , 
co n tam in a tin g  s u r ro u n d in g  so il, s tre a m s  a n d  v e g e ta tio n , d isc o lo u rin g  
n e a rb y  b u ild in g s  a n d  a g g ra v a tin g  hum an  re s p ir a to ry  d is o rd e r s .  B in g s  
th e re fo re  a f fe c t th e  en v iro n m en t lo n g  a f te r  th e  m ines c e a se  to  w o rk , a n d  
c o n tin u e  to  do so u n ti l  s te p s  a re  ta k e n  to  s tab iliz e  th e  s u r fa c e .  T h e  
m ost e f fe c tiv e  m eans of re d u c in g  th e  am oun t of w in d -b o rn e  p o llu tio n  is  
to  e s ta b l is h  a co v e r of v e g e ta tio n , w h ich  p ro te c ts  th e  s u r fa c e  from  th e  
d ir e c t  e f fe c ts  of w in d  b y  th e  w in d -b re a k in g  ac tion  of th e  p la n ts  an d  
a lso  s ta b iliz e s  th e  s u r fa c e  of th e  sp o il th ro u g h  th e  a n c h o ra g e  of p la n t 
r o o ts .
3. D um ped m a te ria l in e v ita b ly  c o n ta in s  a c e r ta in  am oun t of coal, 
e sp e c ia lly  o ld e r b in g s  w hich  w ere  fo rm ed  w hen m ethods of e x tra c tio n  
w ere  le s s  e f f ic ie n t. A ir t r a p p e d  w ith in  th e  spo il a n d  c o n ta c t  of th e  
e x p o se d  m ateria l w ith  th e  a tm o sp h e re  c a u se  ox id a tio n  of coal m a te ria l, 
w ith  a s u b s e q u e n t lib e ra tio n  of h e a t a n d  th e  re le a se  of n o x io u s  fum es
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to  th e  a tm o s p h e re . E x p o su re  ca u s in g  com bustion  le a d s  to  th e  em ission 
of c a rb o n  d io x id e , s u lp h u r  d io x id e , c a rb o n  m onoxide a n d  n i t ro u s  o x id e s , 
w ith  th e  o x y g en  d e f ic ie n t co n d itio n s  u n d e r  w h ich  co m b u stio n  w ith in  th e  
tip  o c c u rs  c a u s in g  th e  re le a s e  of h y d ro g e n  su lp h id e  a n d  ammonia. All 
g aseo u s  re le a s e s  will b e  c a r r ie d  aw ay b y  w ind  o r  d is p e r s e d  in  th e  
a tm o sp h e re . H o w ev er, w hen  p re v a ilin g  w e a th e r  c o n d itio n s  a re  u n fa v o u r­
a b le , th e  u n p le a s a n t  o d o u r of h y d ro g e n  su lp h id e  a n d  s u lp h u r  d iox ide 
blow o v e r  th e  s u r r o u n d in g  a re a .
4. S h e e t a n d  g u lly  e ro s io n  b y  ra in  fa llin g  on s te e p ,  b a r e  s lopes 
c a r r ie s  la rg e  q u a n t i t ie s  of f in e  m ateria l in to  s tre a m s  a n d  r iv e r s  
(R ic h a rd so n  1976). E s ta b lish m e n t of a v e g e ta tio n  c o v e r  g re a t ly  re d u c e s  
th e  lo ss  of f in e  m a te ria l in  th is  w ay, b y  in c re a s in g  th e  am oun t of g ro u n d  
l i t t e r ,  a n d  th r o u g h  th e  ac tio n  of p la n t  ro o ts  in  h o ld in g  sp o il p a r t ic le s  in  
th e  ro o t zone .
5. A cid p ro d u c e d  b y  th e  o x id a tio n  of iro n  p y r i t e s  ( s e e  1 .6 .4 )  le ach es  
ih to  s tre a m s , lo w erin g  th e  pH an d  a ffe c tin g  a q u a tic  life  dow n stream  of th e  
b in g . A cid  d ra in a g e  may also  c a r ry  w ith  i t  la rg e  am o u n ts  of metal
io n s  in  so lu tio n  w h ich  also  a f fe c t w a te r  q u a l ity .  P u lfo rd  e t a l. ( 1983) 
fo u n d  a d ram a tic  in c re a s e  in th e  le v e ls  of F e , A l, M n, C u , Zn, Co, Ni 
a n d  K in  a s tre a m  in  E . S co tlan d  in  c o n ta c t w ith  a coal b in g , to g e th e r  
w ith  a m ark ed  d e c re a s e  in  pH , th e se  e f fe c ts  p e r s i s t in g  fo r  a c o n s id e r ­
ab le  d is ta n c e  d o w n stre a m . Sim ilar r e s u l t s  h a v e  b e e n  r e p o r te d  b y  
B le ss in g  e t '.a l .  (1975) fo r  s tream  p o llu tio n  from  a b a n d o n e d  m ines in  
A u s tra l ia ,  a n d  b y  B en za  an d  Lyon (1 975 ), w ho e s tim a te d  th a t  3,000 of
th e  50,000 m iles o f s tre a m s  in  P e n n sy lv a n ia  w e re  p o llu te d  b y  ac id  mine 
d ra in a g e .
1 .6  T h e  N a tu re  a n d  P ro p e r t ie s  of C o llie ry  Spoil
W aste b r o u g h t  to  th e  su rfa c e  b y  d eep  m ining o p e ra t io n s  
c o n s is ts  m ainly of sh a le ,  sa n d s to n e  a n d  o th e r  f ra g m e n ts  of ro c k  w hich 
h av e  n o t b e e n  e x p o se d  to  w e a th e r in g  a n d  th e  slow p ro c e s s e s  of soil 
fo rm a tio n , a n d  w h ich  will th e re fo re  u n d e rg o  c o n s id e ra b le  c h a n g e , b o th  
chem ically  a n d  p h y s ic a l ly ,  on e x p o su re . T h is  m a te ria l w hen f i r s t  
ex p o se d  may h a v e  a pH of 6 -7 , su ita b le  fo r  p la n t g ro w th , a n d  if  it  h a s  
su ita b le  te x tu r e  a n d  th e  slope is  n o t too s te e p ,  n a tu ra l  co lon iza tion  b y  
g ra s s e s  a n d  h e rb a c e o u s  sp ec ie s  can  o c c u r .  W aste of low p y r i te  c o n te n t 
can  s u p p o r t  a s p a r s e  g r a s s  an d  s h ru b  c o v e r  a f te r  a few  y e a r s ,  
a lth o u g h  m any in t e r - r e l a t e d  fa c to rs  p lay  a p a r t  in d e te rm in in g  th e  
e x te n t  of co lon iza tion  a n d  s p re a d  of p io n e e r  s p e c ie s . N a tu ra l colon­
iz a tio n  will o c c u r  to  v a ry in g  d e g re e s  on m ost s i te s ,  b u t  in  m any c a se s  
th e  v e g e ta tio n  will b e  s h o r t- l iv e d  d u e  to  c h a n g e s  in th e  p h y s ic a l and  
chem ical p r o p e r t ie s  of th e  spoil w hich  ta k e  p lace  on w e a th e r in g  
(C o s tig a n  e t a l. 1981).
T he  u se  of p io n e e r sp ec ie s  as  a b io - in d ic a to r  to  p r e d ic t  th e  
c o n d itio n s  th a t  will p ro b a b ly  e v e n tu a lly  p re v a i l  in  a sp o il is  u s e d  by  
D onovan e t al (1976) , w ho recom m end th e  u se  of su c h  s p e c ie s  in  th e  
rec lam ation  p ro g ra m  a s  in itia l su rfa c e  s ta b i l iz e r s ,  b e fo re  p la n tin g  
d e e p e r  ro o te d  t r e e s  a n d  s h r u b s .  S u rv iv a l of n a tu ra l ly  co lon iz ing  
p la n ts  d e p e n d s  on th e i r  to le ran ce  to  th e  sp o il c o n d itio n s , e . g .  h ig h
le v e ls  of t r a c e  m e ta ls ,  th o s e  w ith o u t  s u c h  a d a p ta t io n s  q u ic k ly  d y in g  o u t .
T h e  problem  of h ig h  le v e ls  of t r a c e  m etals in  spo il is  common 
on ac id  s i te s  a n d  th i s  a s p e c t  of p la n t  a d a p ta t io n  h a s  r e c e iv e d  much 
a t te n t io n .  T o le ran ce  to  one metal is  n o t  accom panied  b y  to le ra n c e  to  
a n y  o t h e r ,  e x c e p t  in  th e  case  of Ni a n d  Zn (G re g o ry  a n d  B ra d s h a w  
1965), w ith  in d iv id u a l  sp e c ie s  h a v in g  a w ide r a n g e  of to l e r a n c e s .  T h e  
n u m b e r  of s u r v iv in g  sp ec ie s  is  fo u n d  to  b e  in v e rs e ly  r e la t e d  to  th e  
c o n c e n t ra t io n  of ava ilab le  m etals  in th e  spo il (Walley e t  al. 1974, Wu e t  
a l. 1975) a n d  th e  exc lusion  of some s p e c ie s  from mine a r e a s  is  d u e  to  
th e i r  in a b i l i ty  to  develop  metal to le ra n c e  (G a r t s id e  an d  McNeilly 1974).
Most b in g s ,  if  le f t  w i th o u t  r e g r a d i n g  o r  t r e a tm e n t ,  w ould  
e v e n tu a l ly  a t ta in  a d e g re e  of c o v e r  t h r o u g h  n a tu r a l  in v a s io n  of g r a s s e s  
a n d  h e rb a c e o u s  s p e c ie s .  B ra d s h a w  a n d  C h ad w ick  (1980) l i s te d  105 
p la n t  sp e c ie s  o c c u r r in g  n a tu r a l ly  on 22 u n t r e a t e d  colliery  spo il b in g s  
in  Y o rk s h i r e  a n d  fo u n d  th a t  th e  n u m b e r  of sp ec ie s  on a s i te  in c r e a s e d  
a s  spoil pH in c re a s e d ,  while s i te  a g e  h a d  no  in f lu en ce .  T h is  is  in  
c o n t r a s t  to th e  s i tu a t io n  on d i s u s e d  a g r i c u l tu r a l  la n d  w h ere  s u c c e s s io n  
leads  to  an  in c re a s e  in  th e  n u m b e r  of s p e c ie s  w ith  tim e, s i te  a g e  b e in g  
th e  main d e te rm in in g  f a c to r  in  th e  e a r ly  y e a r s  of co lonization . N a tu ra l ly  
r e v e g e t a t e d  s i t e s ,  h o w e v e r ,  will b e  s p a r s e ly  c o v e re d ,  a s  spoil c o n d i t io n s  
rem ain  v a r ia b le  a n d  n u t r i e n t  le v e ls  will n o t  b e  a d e q u a te  to s u s t a in  
g ro w th  in  m any a r e a s ,  a l th o u g h  some n u t r i e n t s  will b e  a d d e d  th r o u g h  
d e c a y in g  p la n t  ro o ts  a n d  l i t t e r ,  a n d  some n i t ro g e n  will b e  f ix e d  b y  
n a tu ra l ly  in v a d in g  le g u m es .  A c o n t ro l le d  p ro g ra m  of fe r t i l iz a t io n  a n d  
spoil am endm ent g iv es  some a s s u r a n c e  of e s ta b l i s h in g  a v e g e ta t io n  c o v e r
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a n d  in i t ia t in g  im p ro v em en ts  th r o u g h  th e  c y c l in g  of p la n t  n u t r i e n t s ,  e . g .  
n i t r o g e n  f ixa t ion  b y  p la n t in g  a s u i ta b le  s e e d  m ix tu re  ( s e e  1 .7 ) ,  a n d  in 
th i s  w ay g ro w th  can  b e  a c h ie v e d  w h ic h ,  a l th o u g h  r e q u i r i n g  m on ito r ing  
a n d  a f t e r - c a r e ,  will p ro v id e  an  e f fe c t iv e  m eans of r e d u c in g  th e  e f fe c t  of 
th e  spo il on th e  e n v i ro n m e n t .
1 .6 .1  Spoil v a r ia b i l i ty
V ar ia t io n s  in  spoil p r o p e r t i e s  b e tw e e n  s i te s  m akes i t  d if f icu lt  
to  a p p ro a c h  one s i te  b a s e d  on th e  e x p e r i e n c e s  of a n o th e r ;  ev e n  w hen 
a d ja c e n t  b in g s  com posed of m a te r ia l  of s im ilar age  a n d  e x t r a c t e d  from 
th e  same s t r a t a  a r e  co m p ared ,  i t  may b e  fo u n d  th a t  spoil p r o p e r t i e s  v a r y  
g r e a t ly .  C o n s id e ra b le  v a r ia t io n  in  spoil p r o p e r t i e s  is  fo u n d  n o t  only 
b e tw e e n  s i t e s ,  b u t  also w ith in  e ac h  s i t e ,  d u e  in  p a r t  to  th e  f a c t  t h a t  
m ining o p e ra t io n s  may h a v e  c o n t in u e d  a t  one s i te  o v e r  a n u m b e r  of 
d e c a d e s ,  w ith  th e  r e s u l t  t h a t  some m a te r ia l  will h a v e  u n d e rg o n e  w e a th e r ­
in g  a n d  chemical c h a n g e ,  while o th e r  m a te r ia l  on th e  same s i te  will b e  
f r e s h ,  u n w e a th e re d  spo il.  T h e  s i tu a t io n  is f u r t h e r  com plica ted  b y  th e  
f a c t  t h a t  m a teria l  of d i f f e r e n t  p h y s ic a l  a n d  chem ical p r o p e r t i e s  will b e  
d u m p e d  to g e th e r  a n d  in some c a s e s  m a te r ia l  from n e a r b y  m ines will be  
ta k e n  f o r  d isposa l  a t  o th e r  w o rk in g s ,  a p ra c t ic e  w hich  h a s  g a in ed  
p o p u la r i ty  in th e  U n ite d  S ta te s  a n d  West G erm any  in r e c e n t  y e a r s ,  
w h e re  spoil from a n u m b e r  of s i te s  is  d is p o s e d  of in  a common dum ping  
a r e a  ( P e t s c h  1975).
V ar ia t io n s  in p r o p e r t i e s  w ith in  a b in g  th e r e f o r e  a d d  to th e  
p ro b lem s  e n c o u n te r e d  w hen  rec la im ing  a sp o i l .  W hereas a uniform  a ra b le
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soil can  b e  sam p led  a d e q u a te ly  b y  ta k in g  r e g u la r ly  s p a c e d  sam ples  w hich 
may b e  b u lk e d  t o g e th e r  a n d  s u b - s a m p le d ,  s u c h  a p r o c e d u r e  is  in a d e q u a te  
w hen  sam pling  co l l ie ry  w a s te ,  s ince  s ig n if ic a n t  a r e a s  of th e  s i te  may be 
m issed  a n d  "prob lem " a r e a s  will b e  in su f f ic ie n t ly  t r e a t e d .  Exam ples of 
s u c h  a r e a s  in c lu d e  a r e a s  w ith  a p a r t i c u la r ly  low pH , h ig h  p y r i t e  c o n te n t  
a n d  p o te n t ia l  a c id i ty ,  p o o r  s t r u c t u r e  s u c h  as w a s h e ry  w a s te ,  o r  low 
w a te r  h o ld in g  c a p a c i ty ,  a n d  th e r e f o r e  th e  s i te  m us t  f i r s t  be s p l i t  in to  
recogn izab le  a r e a s  on a b r o a d  b a s is  a n d  each  a r e a  sam pled  s e p a ra te ly ,  
w ith  sam ples ta k e n  ran d o m ly  w ith in  each  s e c t io n .  In i t ia l  sam pling  b e fo re  
ea r th m o v in g  may in some c a s e s  p in -p o in t  s u c h  a r e a s  a n d  th e s e  may be 
d ea l t  w ith  a t  an  e a r ly  s ta g e  a n d  b u r i e d  d u r in g  r e g r a d i n g .  H ow ever,  
d u r in g  e a r th m o v in g ,  sim ilar m a te r ia l  may be b r o u g h t  to  th e  s u r f a c e  an d  
th e r e f o r e  an in te n s iv e  sam pling  schem e sh o u ld  be  c a r r i e d  o u t  a f te r  
e a r th w o r k s ,  th e  in i t ia l  sam pling  s e rv in g  only as  a gu id e lin e  fo r  r e g r a d in g .
D esp i te  in t e n s iv e  sam pling  of a r e g r a d e d  s i te  i t  is  n o t  
g u a r a n te e d  th a t  th e  a r e a ,  once  r e v e g e ta te d ,  will n o t  r e g r e s s  a n d  r e q u i r e  
f u r t h e r  t r e a tm e n t  d u e  to  th e  c h a n g e s  w hich o c c u r  in spo il ,  a s  i t  is 
im possib le  to  am end all spo il su f f ic ie n t ly  in a s in g le  o p e ra t io n .
1 .6 .2  Spoil a s  a soil p a r e n t  m ateria l
Spoil f e r t i l i t y  c a n n o t  b e  ju d g e d  simply b y  th e  chemical 
com position of th e  m a te r ia l ,  s in c e  i t s  p h y s ic a l  p r o p e r t i e s  h a v e  a s ig n if i­
c a n t  in f lu en ce  on i t s  s u i ta b i l i ty  fo r  p la n t  g ro w th .  P ro d u c t iv e  soil, w ith  
a d e q u a te  n u t r i e n t  r e s e r v e s  a n d  fa v o u ra b le  s t r u c t u r e ,  can  be  d o w n g rad ed  
in ju s t  a few y e a r s  t h r o u g h  po o r  soil m anagem ent w hich  does n o t  give 
a d e q u a te  c o n s id e ra t io n  to  soil t e x t u r e .  T h is  may r e s u l t  in s t r u c t u r a l
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b re a k d o w n  le a d in g  to  im p ed ed  d ra in a g e ,  com paction  a n d  w a te r lo g g in g ,  
g iv ing  a r e d u c t io n  in  c ro p  y ie ld .  S ince co llie ry  spoil in  many ca se s  
la ck s  s u i ta b le  s t r u c t u r e ,  s u c h  c o n s id e ra t io n s  a r e  of g r e a t e r  im p o rtan ce .
T h e r e  a r e  5 major f a c to rs  w hich in f lu e n c e  th e  ty p e  of soil 
t h a t  d ev e lo p s  from an y  p a r e n t  m ateria l:
1. C lim ate -  p a r t i c u la r ly  te m p e ra tu re  a n d  p re c ip i ta t io n .
2. N a tu r e  of p a r e n t  m ateria l  -  t e x t u r e ,  s t r u c t u r e ,  chemical 
a n d  m inera log ica l com position.
3. L iv ing  o rg a n is m s  -  especia lly  n a t iv e  v e g e ta t io n ,  m icrofauna  
a n d  m icro flo ra .
4. T o p o g r a p h y .
5. Time p e r io d  o v e r  w hich th e  p a r e n t  m a te r ia l  h a s  b e e n  
s u b je c te d  to  th e  above  f a c to r s .
C o ll ie ry  spoil can  be r e g a r d e d  as a p a r e n t  m ateria l from w hich 
a soil will e v e n tu a l ly  d ev e lo p ,  a n d  in a s i tu a t io n  w h e re  a spoil heap  is 
b e in g  rec la im ed , a s ix th  soil form ing fa c to r  m us t  b e  in c lu d e d ,  w hich is  
th e  in f lu e n c e  of m an, d u e  to  h is  ab ility  to  a l te r  th e  spoil en v iro n m en t  
a n d  a f fe c t  m any of th e  above  f ive  fa c to rs ;  he  can  a l te r  th e  p h y s ica l  
a n d  chem ical c h a r a c t e r  of th e  spo il ,  in f lu en ce  th e  f lo ra  a n d  fau n a  
p o p u la t io n s ,  a l t e r  th e  to p o g r a p h y ,  an d  r e g u la te  th e  w a te r  reg im e by  
d ra in a g e  a n d  i r r i g a t io n .  T h e  main fa c to r  to  w h ich  spoil h a s  n o t  b een  
s u b je c te d  is  tim e, a n d  l i t t le  can  b e  done to  a c c e le ra te  th e  w ea th e r in g  
p r o c e s s .  F o r  th i s  r e a s o n ,  s i te s  which h a v e  b e e n  rec la im ed  b y  r e g r a d in g  
a n d  th e  im p ro v em en t of p h y s ic a l  a n d  chemical p r o p e r t i e s ,  may d e te r io ra te  
th r o u g h  w e a th e r in g  of th e  spo il ,  cau s in g  c h a n g e s  w hich  may d e s t ro y  th e
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v e g e ta t io n  c o v e r .  Periodic  sam pling  of th e  spoil a n d  v isu a l  in sp e c t io n  
of th e  v e g e ta t io n  g row th  will e n s u r e  e a r ly  d ia g n o se s  of c h a n g e s ,  a n d  
f u r t h e r  t r e a tm e n t s  can  be  c a r r i e d  o u t  to  m ain ta in  g ro w th  a n d  p r e v e n t  
f u r t h e r  r e g r e s s io n .
1 .6 .3  P h y s ic a l  f a c to r s  ac t ing  a g a in s t  p la n t  g ro w th
1. 6. 3 .1  Slope an d  s u r f a c e  in s ta b i l i ty
Most b in g s  h ave  s te e p ly  s lo p in g  s id e s  fo rm ed  b y  th e  dum ping  
of m a te r ia l  from th e  to p ,  g iv ing  a n a t u r a l  an g le  of r e p o s e  of u n r e g r a d e d  
spoil s lo p es  of 32-36° (Down 1 9 7 5 (a )) .  Wind a n d  w a te r  e ros ion  on s u c h  
s lo p es  is  s e v e r e ,  w ith fine m ateria l  b e in g  rem o v e d  c o n s ta n t ly ,  d i s r u p t in g  
th e  s u r f a c e  a n d  p r e v e n t in g  p la n t  ro o ts  g a in in g  a ho ld . C o a rse  s u r f a c e  
m a te r ia l  o f te n  h a s  a "p la tey"  s t r u c t u r e ,  fo rm ing  an  u n s ta b le  s u r fa c e  
w hich t e n d s  to s l ip ,  p r e v e n t in g  p la n t  ro o t in g .  Down ( 1975(a)) s tu d ie d  
9 t ip s  of a g e s  co v e r in g  th e  r a n g e  0-178 y e a r s ,  each  th e  p r o d u c t  of 
m ining in  sim ilar h o r izons  in th e  S o m erse t  coa lf ie ld ,  a n d  fo u n d  th a t  o v e r  
th i s  time sca le  th e  su r fa c e  rem a in ed  u n s ta b l e ,  ex ce ed in g  th a t  fo u n d  on 
a n a t u r a l  soil s lope , a l th o u g h  th e  in s ta b i l i ty  d e c re a s e d  m arked ly  w ith in  
21 y e a r s .
R e g ra d in g  an d  e s ta b l is h in g  a v e g e ta t io n  co v e r  s tab i l iz es  th e  
s u r f a c e  a n d  r e d u c e s  th e  r a t e  of e ro s io n  (D e n n in g to n  a n d  C hadw ick  1978). 
H ow ever ,  r e g r a d i n g  shou ld  be  minim ized w ith  spo ils  h av in g  a h ig h  
p e r c e n ta g e  of c la y - s iz e d  p a r t i c le s  d u e  to  p ro b lem s  of compaction w hich  
cou ld  le a d  to  im peded  d ra in a g e  a n d  r e d u c e d  in f i l t r a t io n  r a t e s  
(R ic h a rd s o n  1976, Down a n d  S to c k s  1977). All r e g r a d e d  lan d  sh o u ld
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h a v e  a minimum slope of 1-2% to  p r e v e n t  w a te r  im poundm ent  ^ with la n d  
w hich  i s  to  b e  u s e d  fo r  a g r i c u l tu r e  b e in g  g r a d e d  to  a s lope  of <25% a n d  
la n d  f o r  r e c r e a t io n  h av in g  a s lope  of <35% (D onovan  e t  al. 1976).
1 .6 .3 .2  T e x tu r e  a n d  w a te r  h o ld in g  c ap a c i ty
C oll ie ry  spoil t e x t u r e  v a r i e s  g r e a t ly  w ith  th e  p a r e n t  m a te r ia l  
a n d  w ith  th e  ag e  of th e  spo il.  C o a rse  t e x t u r e d  spo ils  h av e  a low w a te r  
h o ld in g  c a p a c i ty  an d  s u f f e r  t h r o u g h  la ck  of m o is tu re  in  d r y  w e a th e r ,  
while h e a v y  t e x t u r e d  spoils  a r e  eas ily  w a te r lo g g e d .  Down a n d  S to ck s  
(1977) fo u n d  a r a p id  d e c re a se  in th e  p ro p o r t io n  of c o a rse  m a te r ia l  
(> 9530 pirn) a n d  a c o n s e q u e n t  in c re a s e  in  th e  p ro p o r t io n  of m a te r ia l  in  
th e  r a n g e  1 ,000-2 ,000  nm in th e  f i r s t  40 y e a r s .  W eathered  c lay  p a r t i c l e s ,  
h o w e v e r ,  may be  w ash ed  down th e  p ro f i le  le av in g  a la rg e ly  u n a l t e r e d  
s u r f a c e  la y e r  w ith  an accum ula tion  of f in e r  m ateria l  a t  d e p th .  S u r fa c e  
d r o u g h t  may s ti l l  o c c u r ,  b u t  if  p l a n t s  can  b e  e s ta b l i s h e d  d u r in g  p e r io d s  
of s u f f ic ie n t  ra in fa l l  a n d  h a v e  an  a d e q u a te  ro o t  sy s te m ,  th e y  may b e  
s u s t a in e d  b y  th e  s to re  of w a te r  be low .
I t  i s  th e re f o r e  im p o r ta n t  a t  th e  p la n n in g  s ta g e  to  n o t  on ly  
c o n s id e r  th e  ty p e  of m ateria l to be  rec la im ed , b u t  also th e  ro o t in g  h a b i t s  
of th e  sp e c ie s  in  th e  seed  m ix tu re .
1 . 6 .3 . 3  B u lk  d en s i ty
Spoils  g en e ra lly  h av e  h ig h e r  b u lk  d e n s i t ie s  th a n  n a t u r a l  
u n d i s t u r b e d  soils  fo r  two main r e a s o n s ;  f i r s t l y ,  spoil c o n ta in s  a h ig h e r  
p e r c e n ta g e  of ro c k  f ra g m e n ts  ( s h a le  a n d  s a n d s to n e ) ,  a n d  s e c o n d ly ,  th e  
r o c k  f r a g m e n ts  in spoil te n d  to b e  le s s  w e a th e re d  th a n  th o se  of a soil
22
(S m ith  e t  al. 1971). B u lk  d e n s i t i e s  of b o th  soil a n d  spo il can  b e  
in c r e a s e d  m a rk e d ly  b y  th e  p a s s a g e  of h e a v y  m a c h in e ry  (B lackw ell e t  al. 
1985) , spoil b e in g  p a r t i c u la r ly  a t  r i s k  due  to  th e  a b s e n c e  of an  o rg an ic  
f ra c t io n  a n d  i t s  s tab i l iz in g  e f fe c t  on spoil s t r u c t u r e .
As a r e s u l t  of th e  h ig h  b u lk  d e n s i ty  of a sp o il ,  ro o t  p e n e ­
t r a t io n  is  h in d e re d ,  r e s u l t i n g  in  po o r  p la n t  s u r v iv a l .  P la n t  ro o ts  
im p ro v e  spoil s t r u c t u r e  b y  r e d u c in g  b u lk  d e n s i ty  a n d  allow ing a f r e e r  
m ovem ent of a i r  a n d  w a te r  t h r o u g h  th e  m a tr ix ,  w hile  a d d in g  an  o rg an ic  
m a n u re  o r  mulch also  im p ro v es  s t r u c t u r e  an d  e n c o u ra g e s  p la n t  ro o t in g .
1 .6 .3 .4  S u r fa c e  te m p e r a tu r e
C oll ie ry  spo il ,  b e in g  d a r k  in co lou r,  a b s o r b s  more h e a t  th a n  
l i g h te r  s u r f a c e s .  S u r fa c e  t e m p e r a tu r e  d i f f e re n c e s  of 10°C a r e  n o t  
uncommon on a d ja c e n t  s o u th - f a c in g  soil a n d  spoil s lo p es  (R ic h a rd s o n  
1976, Down a n d  S to ck s  1977, J a y n e s  e t  al. 1983) a n d  s u r f a c e  te m p e ra t ­
u r e s  in  e x c e ss  of 50°C h a v e  b e e n  r e p o r te d  ( F i t t e r  a n d  B ra d s h a w  1974). 
S lopes  w ith  a v e g e ta t io n  c o v e r  a b s o rb  le s s  h e a t  t h a n  b a r e  s lopes  due  to  
th e  h e a t  d is s ip a t in g  ab i l i t ie s  of p l a n t s ,  b y  r e d u c in g  th e  am ount of 
s u n l ig h t  d i r e c t ly  h i t t in g  th e  s u r f a c e  a n d  th r o u g h  e v a p o ra t io n  from p la n t  
le a v e s ,  c re a t in g  a coo ler  m icroclim ate ju s t  above  th e  spoil s u r f a c e .
T h u s  if  a v e g e ta t io n  c o v e r  can  b e  e s ta b l i s h e d ,  spo il co n d i t io n s  will be  
im p ro v ed  f u r t h e r ,  b y  r e d u c in g  th e  te m p e ra tu r e  r a n g e  e x p e r ie n c e d  on 
b a r e  spo il.
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1 .6 .3 .5  D ra in a g e
B a re  spoil s lo p es  a re  o f ten  c u t  b y  d e e p  gu ll ies  form ed b y  ra in  
r u n n in g  in to  c h a n n e ls  a n d  rem ov ing  f ine  p a r t i c le s  of m ateria l to th e  bottom  
of th e  s lo p e ,  e i t h e r  to b e  d e p o s i te d  t h e r e ,  o r  c a r r i e d  in to  d r a in s  w h e re  
p rob lem s of s i l t in g -u p  may o c c u r .  In  o rd e r  to r e d u c e  r u n - o f f ,  i t  is  
n e c e s s a r y  to in c re a s e  th e  p e rm e ab il i ty  of th e  s u r f a c e ,  a n d  also to "hold" 
th e  w a te r  on th e  s u r f a c e  fo r  a lo n g e r  time to  allow in f i l t r a t io n  . R e ten t io n  
time can  be  in c r e a s e d  b y  r e d u c in g  th e  s lope (n o t  too  m uch or w a te r  
accum ula tion  will o c c u r ) ,  o r  b y  e s ta b l is h in g  a p la n t  c o v e r ,  w hich will 
also a d d  o rg a n ic  m a t te r  to  th e  spoil a n d  in c re a s e  p e rm e a b i l i ty  (D en n in g to n  
a n d  C hadw ick  1978, B ra d s h a w  a n d  McNeilly 1981) .
1 .6 .4  Chem ical f a c to r s  ac t in g  a g a in s t  p la n t  g ro w th
T h e  two main chem ical f a c to r s  a c t in g  a g a i n s t  p la n t  e s ta b l ish m e n t  
a re  th e  p ro d u c t io n  of ac id  d u e  to  p y r i t e  o x id a tio n  a n d  th e  lack  of e s s e n t ia l  
n u t r i e n t s  in th e  spo il .
1 .6 .4 .1  P rob lem s  d u e  to p y r i t e  ox ida tion
O x id a t io n  of i ro n  p y r i t e s  (F e S 2) is  th e  p r in c ip a l  chemical ch a n g e  
w hich ta k e s  p la ce  in  spo il ,  most o th e r  c h a n g e s  o c c u r r in g  as  a r e s u l t  of 
ac id  p ro d u c t io n  th r o u g h  o x id a tio n  on c o n ta c t  w ith  a i r  a n d  w a te r  (C hadw ick  
1973, C a r ru c io  1975, P u l fo rd  a n d  D uncan  1975, C o s t ig a n  e t  a l. 1981).
In  th e  coa lf ie ld s  of C e n t r a l  S co t lan d ,  coal w as te  b r o u g h t  to 
th e  s u r fa c e  may c o n t a in  up to  5'/. of p y r i t e  w h ich  on ox ida tion  
p r o d u c e s  s u lp h u r ic  ac id  a n d  la rg e  am oun ts  of so lu b le  s a l t s  (P u lfo rd  
1976). T h e  chem ica l ox ida tion  of iron  p y r i t e s  can  b e  r e p r e s e n t e d  in  a
24
Simple form b y  th e  follow ing equations:
(a )  O x id a t io n  b y  o x y g e n
2FeS2 + 2H20  + 7 0 2 
4Fe2+ + 10H2O+ 0 2
(b )  O x id a t io n  b y  F e 3 +
F e S 2 + 14Fe3++8H20  -----► 15Fe2+ + 2 S 0 2" + 16H +
B a c te r ia l  ox ida tion  of p y r i t e  a lso  ta k e s  p la c e ,  r e d u c e d  s u lp h u r  
com pounds  b e in g  u s e d  as  an  e n e r g y  s o u rc e  b y  T h io b ac i l lu s  th io -o x id a n s  
a n d  o x id a tio n  of i r o n  b e in g  c a r r i e d  o u t  b y  T h io b ac i l lu s  f e r r o - o x i d a n s , th e  
l a t t e r  b e in g  ab le  to  co n t in u e  th i s  p r o c e s s  down to  pH 4 .0 .
A p a r t  from th e  d i r e c t  e f fe c t  of ac id  on p la n t  r o o t s ,  a n u m b e r  of 
spoil r e a c t io n s  w h ich  a f fe c t  p la n t  g ro w th  o c c u r ,  i . e .  s e c o n d a ry  e f fe c ts  of 
a c i d i t y :
( I )  T h e  p r e s e n c e  of h ig h  h y d r o g e n  ion c o n c e n t r a t io n s  r e s u l t s  in  
th e  r e p la c e m e n t  b y  H of th e  b a s e s  on th e  e x c h a n g e  s i te s  of th e  spo il ,  
le a v in g  th e s e  f r e e  in  so lu tion  a n d  re a d i ly  le a c h e d  from th e  ro o t  zone 
(S ee  C h a p te r  4 ) .
( I I )  T h e  b re a k d o w n  of clay la t t i c e s  b y  th e  ac tion  of ac id  r e d u c e s  
th e  sp o i l 's  ca t ion  e x c h a n g e  c a p a c i ty ,  a n d  t h e r e b y  lim its i t s  ab ili ty  to 
h o ld  n u t r i e n t s  fo r  p la n t  u p ta k e .
»  2Fe2+ + 4H+ + 4 S 0 2‘4
♦  4Fe( OH) 3 + 8H+
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( I I I )  H igh  le v e ls  of t r a c e  e le m e n ts ,  p a r t i c u la r ly  F e  (from p y r i t e  
o x id a t io n ) ,  Al (from  clay  la t t ic e  b r e a k d o w n ) ,  Mn, Zn, C u a n d  o th e r  
t r a c e  e lem en ts  from m ineral b re a k d o w n ,  a r e  b r o u g h t  in to so lu tion  as  
th e  pH fa lls ,  r e s u l t in g  in p o s s ib ly  tox ic  leve ls  of th e s e  e lem ents  b e in g  
av a i lab le  to  p l a n t s ,  P u lfo rd  e t  a l . ( 1983) . T h is  may r e s u l t  in  h ig h  t r a c e  
e lem en t u p ta k e ,  c a u s in g  p la n t  i n j u r y  (S ee  C h a p te r  2) a n d  can  also 
a f f e c t  t h e  u p ta k e  of o th e r  p la n t  n u t r i e n t s  e . g .  h ig h  Al u p ta k e  b y  ro o ts  
c a u s e s  a r e d u c t io n  in p h o s p h a te  u p ta k e  (C la rk so n  1966, 1967).
(IV) T h e  la rg e  am oun ts  of so lu b le  s a l t s  p r o d u c e d ,  b o th  from 
p y r i t e  o x id a tio n  a n d  th r o u g h  ac id  b re a k d o w n  of spo il  m ine ra ls ,  may 
c a u s e  p la n t  i n j u r y ,  b y  in c re a s in g  th e  osmotic p r e s s u r e  of th e  soil 
so lu t io n ,  r e s u l t i n g  in w a te r  b e in g  d ra w n  from th e  p la n t  ro o ts  (D onovan  
e t  a l . (1976 ) ,  B ra d s h a w  a n d  C h ad w ick  (1 9 8 0 )) .  S t r u t h e r s  (1964) 
e x p o s e d  a n u m b e r  of s t r ip  mine sp o ils  to n a tu r a l  w e a th e r in g  co n d i t io n s ,  
co l lec t in g  th e  le a c h a te s  fo r  a n a ly s i s .  He fo u n d ,  fo r  th e  f ive  spo ils  in  
h is  s u r v e y  w hich  w ere  u n s u i ta b le  fo r  p la n t  g ro w th ,  an  a v e ra g e  y ie ld  of 
125 to n n e s  of s a l t s  p e r  h e c ta r e  in  11»5 m o n th s ,  w ith  one sample p ro d u c in g  
270 to n n e s ,  in com parison  to only  145 Kg of sa l t  le a c h e d  from an  acid
s il t  loam soil u n d e r  similar c o n d i t io n s .
(V ) Fe  a n d  Al b r o u g h t  in to  so lu tion  a t  low p H , a n d  th e i r  ox ide  
a n d  h y d r o u s  ox ide  films a d s o rb  o r  com plex p h o s p h a te ,  in d u c in g  p h o s p h a te  
d e f ic ien cy  ( P u l fo rd  a n d  D uncan  1975, C o s t ig a n  e t  a l .  1982).
Spoil pH may d ro p  r a p id ly  on e x p o s u re  a n d  can  fall to pH 2-3 
a f t e r  a few y e a r s ,  t h u s  d i s c o u ra g in g  p la n t  g ro w th  a n d  d e s t ro y in g  an y  
e a r ly  co lon iz ing  p la n t  s p e c ie s .  U n d e r  th e se  co n d it io n s  of v e ry  low pH
spoil m ateria l i s  f u r t h e r  a t t a c k e d ,  ex p o s in g  f r e s h  s u r f a c e s  w hich  may­
b e  o x id ise d ,  r e s u l t in g  in  f u r t h e r  ac id  p ro d u c t io n .  W ea ther ing  p r o c e s s e s  
will e v e n tu a l ly  e x h a u s t  th e  ac id  p o te n t ia l  d u e  to  p y r i t e  a n d  th e  h ig h  
s a l t  a n d  t r a c e  metal le v e ls  will b e  le a c h e d  from th e  u p p e r  l a y e r s ,  th e  
pH will r i s e  aga in  a n d  a le s s  hos ti le  b u t  n u t r i e n t  d e f ic ie n t  medium will 
r e s u l t .
1 .6 .4 .2  N u t r i e n t  av a i lab i l i ty
T h e re  a r e  17 e lem en ts  a t  p r e s e n t  r e g a r d e d  as  e s s e n t ia l  fo r  
p la n t  g ro w th  ( B r a d y  1974). T h e s e  can  be  d iv id ed  in to  e lem ents  
r e q u i r e d  in r e la t iv e ly  l a r g e  a m o u n ts  (m a c ro n u t r ie n t s )  a n d  th o se  n e e d e d  
in  t r a c e  am oun ts  (m ic r o n u t r i e n t s  o r  t r a c e  elem ents) -  T a b le  1 .2 .
*
T ab le  1 . 2 . L is t  of e s s e n t i a l  m a c ro n u t r ie n ts  a n d  m ic ro n u t r ie n t s  
( B r a d y  1974)
M a c ro n u tr ie n ts M ic ro n u t r ie n ts
C a rb o n
H y d ro g e n
O x y g e n
N itro g en
P h o s p h o ru s
P o tass ium
Calcium
M agnesium
S u lp h u r
I ro n
M anganese
B oron
M olybdenum
C o p p e r
Zinc
C h lo rin e
C o b a lt
*
O th e r  minor e lem en ts  s u c h  a s  sodium , f lu o r in e ,  io d in e ,  b a r iu m ,  s t ro n t iu m ,  
s il icon , vanad ium  a n d  b e ry l l iu m ,  h a v e  n o t  b een  show n to  b e  e s s e n t ia l ,  
b u t  some may in c re a s e  p la n t  g ro w th  a n d  may be  show n to  h a v e  a ro le  
in  biochem ical r e a c t io n s .
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T ab le  1 .3  show s th e  c o n te n t  in coal of th e  e lem en ts  d i s c u s s e d  in th e  
following s e c t io n s .
A . M a c ro n u tr ie n t  av a i lab i l i ty  in u nam ended  spoil (N ,P ,K ,C a ,M g ,S )
Of th e  9 m a c ro n u t r ie n t s  l i s t e d  in  T ab le  1 .2  c a r b o n ,  h y d ro g e n  
a n d  o x y g en  a r e  o b ta in e d  from a tm ospheric  c a rb o n  d io x id e  a n d  w a te r ,  
w hile th e  rem a in ing  s ix  e lem ents  m u s t  b e  ta k e n  u p  b y  p la n t  ro o ts  from 
th e  spoil so lu tion .
N itro g en
N itro g e n  may b e  r e g a r d e d  as  th e  elem ent m ost r e s t r i c t i v e  to 
p la n t  g ro w th  in co l l ie ry  spoil (Williams 1975, Bloomfield 1982) ,
T h e  im p o r tan ce  of n i t r o g e n  as  a p la n t  n u t r i e n t  i s  e v id e n t  from 
th e  f a c t  th a t  i t  is  a c o n s t i tu e n t  of th e  p ro te in  a n d  n u c le ic  ac id s  of th e  
p la n t ,  t h u s  b e in g  e s s e n t ia l  fo r  norm al p la n t  g ro w th .  A p p ro x im ate ly  98% 
of n i t r o g e n  in soil is  com bined  with th e  o rg an ic  f r a c t io n  as  p ro te in s ,  
amino s u g a r s  a n d  n u c le ic  a c id s ,  an d  can  only  be  u s e d  b y  p la n ts  a f te r  
r e le a s e  th r o u g h  m icrobia l ac tion  (m inera lisa tion )  . S ince  th e  level of 
m inera lisab le  o rg a n ic  m a t te r  in  spoil is v e r y  low c o m p ared  to a soil 
(Williams a n d  C ooper  1976), n i t ro g e n  comes alm ost e n t i r e ly  from the  
in o rg a n ic  f r a c t io n .  T h e  to ta l  n i t r o g e n  c o n te n t  of co l l ie ry  spoil is 
1 ,000 -8 ,000  p g / g  (P u l fo rd  1976), s im ilar f ig u re s  b e in g  r e p o r t e d  b y  
C hadw ick  (1981) ,  who fo u n d  th e  following n i t r o g e n  fo rm s in  spoil:
Foss i l  o rg a n ic  n i t r o g e n
F ix e d  ammonium n i t ro g e n
T o ta l  n i t r o g e n 2790-5900 ng  N /g  
2090-4010 ng N /g  
330-1480 ug N /g
O rg an ic  n i t r o g e n 50-410 ug N /g
A vailab le  n i t r o g e n 20-30 ug N /g
Coal m a te r ia l  in th e  sp o il ,  a l th o u g h  c o n ta in in g  fossi l  n i t r o g e n ,  will b r e a k  
dow n to  r e le a s e  only  a v e r y  small am ount fo r  p la n t  u s e ,  t h u s  i t  is 
e v id e n t  t h a t  t h e r e  is  a v e r y  limited pool of av a i lab le  o r  m inera lizab le  
n i t r o g e n  in  spo il ,  a n d  fe r t i l iz a t io n  is  n e e d e d  to  e n c o u ra g e  p la n t  g ro w th .
T h e  following a r e  th e  t h r e e  main m e th o d s  u s e d  to r a is e  spoil 
n i t r o g e n  lev e ls :
(a) A dd ition  of an  o rg an ic  m a n u re  s u c h  as  animal m a n u re s  o r  p la n t  
r e s i d u e s ,  w hich  r e le a s e  n i t r o g e n  slowly a s  t h e y  a r e  b r o k e n  down. 
M inera liza tion  of o rg an ic  m a tte r  r e le a s e s  ammonium a n d  n i t r a t e  io n s ,  
w h ich  a r e  rem o v e d  from th e  soil th r o u g h  p la n t  u p ta k e ,  assim ilation  in to  
th e  b o d ie s  of soil m icroorgan ism s ( a n d  t h e r e b y  b r o u g h t  b a c k  in to  th e  
o rg a n ic  r e s e r v o i r ) ,  lo s t  b y  d e n i tr i f ic a t io n  ( t h e  re d u c t io n  of n i t r a t e  to 
g a se o u s  n i t r o u s  ox ide  a n d  f r e e  n i t r o g e n  g as)  a n d  leach ing  from th e  
spoil (D e n n in g to n  a n d  Chadw ick 1978). D en it r i f ic a t io n  is  e n c o u ra g e d  
u n d e r  co n d i t io n s  of low o x y g e n  s u p p ly  in th e  p r e s e n c e  of a re a d i ly  
av a i lab le  s o u rc e  of n i t r a t e  n i t r o g e n .  Poo r  a e ra t io n  c a u s e d  b y  w a te r ­
lo g g in g  o r  h e a v y  spoil t e x t u r e  e n c o u ra g e  th e  lo ss  of a p p l ied  n i t ro g e n  
f e r t i l i z e r ,  p a r t i c u la r ly  i f  th e  spoil h a s  b e e n  limed, s ince  i t  is  e n c o u ra g e d  
a t  h ig h e r  p H . In c o rp o ra t io n  of an  o rg an ic  m a te r ia l  h a s  th e  a d d e d  
a d v a n ta g e  of im prov ing  spoil s t r u c t u r e  ( r e d u c in g  lo s se s  t h r o u g h  d e n i t r i ­
fication) a n d  b u i ld in g  u p  th e  m icrobial p o p u la t io n  of th e  spoil.
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( b )  A dd it ion  of an  in o rg a n ic  f e r t i l i z e r ,  w h ich  s u p p l ie s  a r e a d i ly  
av a i lab le  s o u rc e  of n i t r o g e n ,  e i th e r  a s  ammonium o r  n i t r a t e  io n s .  A 
s in g le  dose  of a com pound fe r t i l iz e r  c o n ta in in g  N ,P  a n d  K a p p l ie d  a t  
s e e d in g ,  t o g e th e r  w ith  a n y  n e c e s s a r y  spoil am endm ents  s u c h  a s  lime 
will in i t ia te  p la n t  g ro w th .  H ow ever,  lo s s e s  du e  to  d e n i t r i f ic a t io n  a n d  
le a c h in g  will o c c u r  an d  r e -a p p l ic a t io n  a t  a l a t e r  s ta g e  may b e  r e q u i r e d .  
A p p e n d ix  I I  show s th e  r a t e  of com pound  f e r t i l i z e r  u s e d  on 13 s i te s  a t  
r e c la m a t io n ,  g e n e ra l ly  N .P .K .  f e r t i l i z e r  w ith  a ra t io  of 20 :10 :10  a t  a 
r a t e  of 3 5 0 -5 1 0 k g /h a .  Gemmell (1973) recom m ends  ap p l ica t io n  of a 
20 :1 0 :1 0  f e r t i l i z e r  a t  2 5 0 k g /h a  a t  s e e d in g ,  w ith  an n u a l  ap p l ica t io n  of
a 15 :15 :15  fe r t i l iz e r  a t  th e  same r a t e ,  a l th o u g h  on many s i te s  th i s  was 
fo u n d  to  be  a minimal t r e a tm e n t ,  s imply m a in ta in ing  p la n t  g ro w th ,  w ith  
no  lo n g - te rm  spoil im provem ent th r o u g h  h u m u s  a n d  o rg an ic  m a t te r  b u i ld  
u p .
R eapp lica tion  a s  a top  d r e s s in g  to  g row ing  c ro p s ,  e i th e r  of 
com pound  f e r t i l i z e r  o r  of n i t r o g e n  alone if th e  v e g e ta t io n  show s d e f ic ien cy  
sy m p to m s, is  e s s e n t ia l  if g ro w th  is  to  b e  m a in ta in ed ,  a c a re fu l  m on ito r ing  
of t h e  co n d it io n  of p la n t  g ro w th  will p r e v e n t  r e g r e s s io n  du e  to d e f ic ien cy  
r e s u l t i n g  from c h a n g e s  in spoil c o n d i t io n s .
(c )  T h e  in c lu s io n  of a legum inous  sp e c ie s  in  th e  s e e d  m ix tu re ,  t h u s  
r e d u c in g  th e  d e p e n d e n c y  of th e  c ro p  on n i t ro g e n  fe r t i l iz e r  a d d i t io n s .  
F ix a t io n  of a tm o sp h e r ic  n i t ro g e n  b y  ro o t-c o lo n iz in g  b a c te r ia  s u p p l ie s  
n i t r o g e n  d i r e c t ly  to  th e  spoil fo r  im mediate u p ta k e ,  t h u s  r e d u c in g  lo s se s  
t h r o u g h  le a c h in g  w hich  will o c c u r  in (a )  o r  ( b ) .  B ra d s h a w  e t  al. (1973) 
fo u n d  t h a t  legum es in o c u la te d  w ith  N - f ix in g  b a c te r ia  f ix ed  52-112 k g  N /h a  
in  a y e a r ,  while Palm er a n d  Iv e r s o n  (1983) fo u n d  w hite  c lo v e r  (T rifo lium
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r e p e n s )  to a d d  146-167 k g  N / h a / y e a r  to  sp o il ,  n i t r o g e n  f ix a t io n  b e in g  
h ig h e r  w ith  h ig h  p h o s p h a te  t r e a tm e n ts  (H ue  a n d  A dam s 1984) . Sowing 
of a m ixed g r a s s /c lo v e r  s w a rd  r e d u c e s  th e  n e e d  fo r  n i t r o g e n  f e r t i l iz e r  
a d d i t io n ,  a n d  in fa c t  if  s u f f ic ie n t  N is  a d d e d  to  e s ta b l i s h  g r a s s  g ro w th ,  
th e  legum e com ponent of th e  s w a rd  may b e  s u p p r e s s e d  a n d  can  d ie  o u t  
(C h a d w ic k  1981) . L egum inous  n i t r o g e n  f ix a t io n  is  in h ib i te d  b y  an 
a b u n d a n c e  of availab le  n i t r o g e n ,  a n d  legum e g ro w th  is  n o t  in c r e a s e d  b y  
s u p p ly in g  n i t ro g e n  to sp o il ,  i t  simply r e d u c e s  th e  am oun t f ix e d ,  t h u s  
r e d u c in g  th e  b enefic ia l  e f f e c t s  of sowing a m ixed s w a rd  (C h ild  1980) .
T h e  p ro p o r t io n  of legum es  u s e d  in th e  s e e d  m ix tu re  on 
S c o t t is h  spoil v a r ie s  from 7-15% (S ee  A p p e n d ix  I I ) ,  almost e n t i r e ly  r e d  
c lo v e r  ( Trifo lium  p r a t e n s e ) a n d  w h ite  c lover ( T rifo lium  r e p e n s ) ,  f a r  
low er th a n  th e  level u s e d  in  w i ld e rn e ss  s t r ip -m in e  spo il  in  C a n a d a ,  w here  
u p  to  60% of th e  s e e d  m ix tu re  may b e  leg u m in o u s  (W atk ins ,  p e r s o n a l  
c o m m u n ica tio n ) . B ra d s h a w  a n d  C hadw ick  ( 1980) fo u n d  11 legu m in o u s  
s p e c ie s  o c c u r r in g  n a tu r a l ly  in  a s tu d y  of 22 n a tu r a l ly  v e g e t a te d  s i te s  in 
Y o rk s h i r e ,  th e  most commonly o c c u r r in g  sp e c ie s  b e in g  b i rd s fo o t  t re fo i l  
( L o tu s  c o rn ic u la tu s )  -  See T a b le  1 .4 .
Spoil c o n d i t io n s ,  e sp ec ia l ly  pH a n d  p h o s p h o r u s  a v a i la b i l i ty ,  
will g o v e rn  th e  r a t e  of n a t u r a l  co lonization  b y  legum es  a n d  will d e te rm in e  
w h e th e r  o r  n o t  a p a r t i c u l a r  s p e c ie s  will s u r v iv e .  With liming a n d  
f e r t i l i z e r  add i t io n  many s p e c ie s  will t h e r e f o r e  s u r v iv e  on rec la im ed  spoil,  
h o w e v e r ,  th e  most f r e q u e n t ly  sown s p e c ie s ,  r e d  c lo v er  (T rifo lium  
p r a t e n s e ) a n d  w hite  c lo v e r  ( T rifo lium  r e p e n s ) ,  a r e  th o se  u s e d  on a ra b le  
l a n d ,  s ince  th o se  s u c h  as  lu p in s  ( L u p in u s  s p .)  o r  b i rd s fo o t  tre fo i l  
( L o tu s  c o r n ic u la tu s ) , a l th o u g h  th e y  a d d  n i t r o g e n  a n d  o rg a n ic  m a t te r  to  
th e  spoil, a r e  of l i t t le  u s e  in  an  a ra b le  s i tu a t io n .
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T ab le  1 .4  . O c c u r r e n c e  of legum e sp ec ie s  on  22 n a tu ra l ly  v e g e ta te d
s i te s  ( e x p r e s s e d  as  % of s i te s )  -  B ra d s h a w  a n d  C hadw ick  
(1980)
% of s i te s
B ird s fo o t  t re fo i l (L o tu s  c o rn ic u la tu s ) 27
R e d  c lo v e r (T rifo lium  p r a t e n s e ) 14
White c lo v e r (T rifo lium  r e p e n s ) 14
Common v e t c h (Vicia s a t iv a ) 5
L u p in s (L u p in u s  s p .) 5
B la ck  m edick (M edicage lu p u l in a ) 5
G o rse (U lex  e u ro p a e u s ) 5
S c o tc h  broom ( C y t i s u s  s c o p a r iu s ) 5
Yellow t r e fo i l (T rifo lium  d u b r iu m ) 5
B i t t e r  v e t c h ( L a th y r u s  m o n ta n u s ) 5
K id n e y v e tc h (A n th y l l is  v u ln e r a r i a ) 5
P h o s p h o ru s  d e f ic ien cy  is  a major f a c to r  in h ib i t in g  p la n t  g ro w th  
in  co l l ie ry  spoil a n d  is  d ea l t  w ith  in  d e p th  in  C h a p te r  3.
L ev e ls  of ava i lab le  p h o s p h o r u s  a r e  low d u e  to th e  low so lub il i ty  
of m ost in o rg a n ic  p h o s p h o r u s  co m p o u n d s ,  g iv ing  a low c o n c e n tra t io n  in 
so lu t io n ,  a n d  th e  s i tu a t io n  is  com pounded  b y  th e  f a c t  th a t  re a c t io n s  o c c u r  
in  th e  spoil w hich  "fix" so lub le  p h o s p h o r u s  a n d  r e n d e r  i t  unava ilab le  to 
p l a n t s ,  t h u s  r e d u c in g  th e  e f f e c t iv e n e s s  of a d d e d  so lub le  p h o s p h o ru s  
f e r t i l i z e r s .  T h e  m echanicm s b y  w hich  p h o s p h o r u s  ava ilab ili ty  is r e d u c e d  
a re :
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(a )  P re c ip i ta t io n  b y  com plex fo rm atio n ,  mainly w ith  F e ,  Al a n d  C a. 
A s spo il pH fa lls  below pH 5 .5 ,  so lub le  F e  a n d  Al c o n c e n tra t io n s  in c re a s e  
g r e a t l y ,  c a u s in g  p re c ip i ta t io n  a s  colloidal F e -  a n d  A l -p h o s p h a te s .  With 
time t h e s e  colloidal form s slowly c o n v e r t  to  th e  c ry s ta l l in e  v a r i s c i te  
A lP O ^ ^ H ^ O  a n d  s t r e n g i t e  F e P O ^ .Z ^ O ,  av a i lab i l i ty  d e c re a s in g  w ith  
in c r e a s in g  c r y s t a l l i n i t y . Liming spo il ,  a l th o u g h  re d u c in g  th e  so lub le  Fe 
a n d  Al l e v e ls ,  r e s u l t s  in  p re c ip i ta t io n  w ith  so lub le  C a, C a -p h o s p h a te s  
fo rm ing  ab o v e  pH 6 .0 .
( b )  A d so rp t io n  on th e  s u r fa c e  of h y d r o u s  o x id e s  of Fe a n d  Al
fo rm ing  in so lu b le  p h o s p h a te s .  O x ides  a n d  h y d ro x id e s  of Fe a n d  Al on
c lay  s u r f a c e s  a r e  p o s i t iv e ly  c h a r g e d  a n d  r e a c t  w ith  so luble  p h o s p h a te
2 -io n s  ^ P O ^  a n d  HPO^ . P h o s p h a te  ions  f ix e d  in th i s  way form s ta b le  
com plexes  a n d  lose e x c h a n g e a b i l i ty ,  w ith  u p  to  75% of ad d e d  p h o s p h a te  
b e in g  lo s t  to  p la n ts  b y  th i s  p ro c e s s  in  th e  f i r s t  y e a r  a f te r  ap p l ica t io n  
(Williams 1950).
(c )  Iso m o rp h o u s  re p la c e m e n t  in c r y s t a l  la t t i c e s  b y  w hich p h o s p h a te  
ions  may s u b s t i t u t e  fo r  s il ica te  o r  h y d r o x y l  io n s .
B y  th e s e  p ro c e s s e s  f e r t i l iz e r  p h o s p h o r u s  is rem oved  from th e  
av a i lab le  pool a n d  it  is  o f ten  n e c e s s a r y  to  r e - a p p l y  it  to  make good th e  
lo ss  a n d  m ain ta in  a v e g e ta t io n  c o v e r  ( R o b e r t s  e t  a l. 1981, Bloomfield 
e t  al 1982).
P o tass iu m
Po tass ium  is th e  most common n u t r i e n t  ca tion  in p la n t s ,  b e in g  
in v o lv e d  in  cell s t r u c t u r e  a n d  e s s e n t ia l  fo r  p h o to s y n th e s i s .  I t s  ava i la ­
b i l i ty  in  some spo ils  may b e  limiting to  p la n t  g ro w th ,  a l th o u g h  g e n e ra l ly
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n o t  s u c h  a lim iting f a c to r  a s  n i t r o g e n  or  p h o s p h o ru s  ( B a r n h is e l  a n d  
M assey 1969, B ra d s h a w  a n d  C hadw ick  1980). Bloomfield e t  al. (1982) 
fo u n d  no  r e s p o n s e  to  a d d e d  p o ta ss iu m  fe r t i l iz e r  in  g ro w th  e x p e r im e n ts  
w ith  8 sp o i ls ,  to  w h ich  a d e q u a te  n i t r o g e n  a n d  p h o s p h o r u s  w ere  a d d e d ,  
d u e  to  th e  ac id  b re a k d o w n  of m ontm orillonite  a n d  illite  c lay s  s u p p ly in g  
su f f ic ie n t  ava ilab le  p o ta ss iu m  to  m ain ta in  p la n t  g ro w th .  A l th o u g h  
f ixa t ion  of p o ta ss iu m  o c c u rs  in  soils  th e  rea c t io n  is  f a v o u r e d  u n d e r  
a lka line  co n d i t io n s  (R u s se l l  1973), t h u s  ac id  spoil co n d i t io n s  r e d u c e  th e  
po ta ss iu m  f ix in g  c a p a c i ty  a n d  m ain ta in  po ta ss ium  s u p p ly  t h r o u g h  clay  
m ineral a t t a c k .
Calcium , M agnesium a n d  S u lp h u r
Calcium , m agnesium  a n d  s u lp h u r  a r e  com ponen ts  of p la n t  
t i s s u e  a n d  a r e  e s s e n t ia l  fo r  h e a l th y  p la n t  g ro w th .
Calcium is fo u n d  in  p la n t  cell walls a n d  is  a lso  in v o lv e d  in 
enzym ic r e a c t io n s  w ith in  th e  p la n t .  Calcium leve ls  in coal w as te  v a ry  
c o n s id e ra b ly  b e tw e e n  s i t e s ,  th e  main so u rc e  b e in g  lim estone  s t r a t a  
a s so c ia te d  w ith  coal d e p o s i t s .  K im ber (1982) fo u n d  calcium lev e ls  
ra n g in g  from 0-35 ,700 u g / g ,  e x t r a c ta b le  b y  0.5M ace tic  ac id  in C e n t ra l  
S c o t t ish  coal w a s te s ,  w ith  no  ove ra l l  s ig n if ic a n t  c o r re la t io n  b e tw e e n  pH 
a n d  th e  leve l of e x t r a c ta b le  calcium . Spoils  of th e  S c o t t ish  coalf ie lds  
a r e  almost in v a r ia b ly  ac id  a n d  r e q u i r e  th e  ad d it io n  of lime a t  rec lam atio n ,  
t h u s  r a is in g  th e  leve l of ava i lab le  calcium s u f f ic ie n t ly  to  s a t i s f y  p la n t  
r e q u i r e m e n t s ,  a l th o u g h  u n a m en d ed  spoil may e x h ib i t  calcium d e f ic ien cy .
M agnesium is e s s e n t ia l  to  all p la n ts  as  i t  is  a c o n s t i tu e n t  of 
th e  c h lo ro p h y l l  molecule a n d  is  invo lved  in enzymic r e a c t io n s  r e la t e d  to
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p h o s p h a te  t r a n s p o r t .  M agnesium lev e ls  v a r y  s im ilarly  to calcium d u e  to 
t h e i r  a ssoc ia t ion  in ca lc iu m -b e a r in g  m inera ls .  K im ber (1982) fo u n d  
le v e ls  of 0.5M ace tic  ac id  e x t r a c ta b le  m agnesium  r a n g in g  from 0-3070 n g /g  
w ith  v e r y  ac id  spo il b e in g  p o te n t ia l ly  d e f ic ien t  d u e  to  le a c h in g  u n d e r  acid  
c o n d i t io n s ,  a l th o u g h  th e r e  is no  s ig n if ic a n t  c o r re la t io n  b e tw ee n  pH an d  
lev e ls  in th e  spoil (P u l fo rd  1976) .
S u lp h u r  is  e s s e n t ia l  as  a c o n s t i tu e n t  of m any p la n t  p r o te in s ,
legum es h av in g  a h ig h e r  r e q u i re m e n t  th a n  g r a s s  s p e c ie s .  I t  i s  p r e s e n t
in m any ro c k s  a n d  m in e ra ls ,  th e  main s o u rce  in  co l l ie ry  spoil b e in g  i ron
2-
p y r i t e s  (F e S 2) w h ich ,  on w e a th e r in g ,  r e le a s e s  s u lp h a te  (SO^ ) ,  th e  
form in w hich s u lp h u r  is  ta k e n  up  b y  p la n ts .  A va ilab il i ty  of s u lp h u r  
in p y r i t e - b e a r in g  spoil (a  c h a ra c te r i s t i c  of spo ils  of th e  West of S co tland)  
will th e r e f o r e  n o t  b e  a f a c to r  limiting p la n t  g ro w th  a l th o u g h  n o n -p y r i t i c  
spoil ( s u c h  as  th o s e  of E a s te rn  S co tland)  may show s u lp h u r  d e f ic ien cy ,  
p a r t i c u la r ly  u n d e r  w a te r lo g g e d  con d it io n s  w hich  c a u se  r e d u c t io n  of 
s u lp h a te  to  s u lp h id e s ,  in w hich  form it  is tox ic  to  ro o t  g ro w th .
B . M ic ro n u t r ie n t  av a i lab i l i ty  in  co lliery  spoil ( F e ,  A l ,M n ,C u ,  Zn)
L eve ls  of ava ilab le  t r a c e  e lem ents  in spoil a f f e c t  p la n t  g ro w th  
in two w ays; f i r s t l y  b y  h a v in g  a d i r e c t  e f fec t  on p la n t  g ro w th ,  e s se n t ia l  
e lem en ts  p ro m o tin g  g ro w th  a t  low leve ls  a n d  b e in g  p o te n t ia l ly  toxic  a t  
h ig h  c o n c e n t ra t io n s  (H a u se n b u i l le r  1972), a n d  s e c o n d ly ,  b y  a f fe c t in g  th e  
u p ta k e  of o th e r  n u t r i e n t s  r e q u i r e d  b y  th e  p la n t ,  e . g .  h ig h  le v e ls  of 
ava ilab le  aluminium r e d u c in g  p h o s p h a te  u p ta k e  (R u s s e l l  1973, B ra d y  1974).
T ab le  1 .5  l i s t s  th e  lev e ls  of i ro n ,  m a n g a n e se ,  co p p e r  a n d  zinc 
c o n s id e re d  to  b e  r e q u i r e d  b y  p la n ts  fo r  norm al g ro w th  a n d  th e  con cen ­
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t r a t io n  r a n g e s  w hich  p ro d u c e  de f ic iency  a n d  to x ic i ty  sym ptom s, to g e th e r  
w ith  th e  le v e ls  fo u n d  in h e rb a g e  g row ing  on co l l ie ry  spoil ( C h a p te r  2 ). 
T h e  f ig u r e s  show n in  colum ns 2-4 of T ab le  1 .5  a r e  b ro a d  g e n e ra l is a t io n s  
a n d  c a n n o t  b e  t a k e n  as  ab so lu te  lim its ,  p a r t i c u la r ly  s in ce  v a r ia t io n s  
b e tw e e n  p la n t  s p e c ie s  a n d  w ith in  each  sp e c ie s  in t h e i r  ab i l i ty  to t a k e  u p  
n u t r i e n t s  a re  n o t  c o n s id e re d ,  n o r  is  th e  fa c t  t h a t  spo il f a c to r s  s u c h  as  
th e  ra t io  of av a i lab le  lev e ls  of b o th  e s s e n t ia l  a n d  n o n -e s s e n t ia l  e lem ents  
a f f e c t s  th e  p l a n t ’s ab i l i ty  to  a b s o rb  n u t r i e n t s .  T ab le  1 .5  l i s t s  only  th o se  
m ic ro n u t r ie n ts  c h o s e n  fo r  f u r t h e r  s tu d y  in  C h a p te r  2 in  re la t io n  to  p la n t  
u p ta k e  from spoil a n d  th e s e  e lem ents  a r e  d i s c u s s e d  b r ie f ly  in th i s  sec t io n .
T ab le  1 . 5 . L ev e ls  of i r o n ,  m an g an ese ,  c o p p e r  a n d  zinc in  p la n ts  grow n 
on co l lie ry  spo il ,  com pared  to d e f ic ie n t ,  norm al a n d  toxic 
le v e ls  ( u g / g  d r y  w e ig h t)
E lem ent
*
D efic iency
*
Normal
*
T o x ic ity
**
Reclaim ed spoil
Fe 10-80 30-150 None 217-2179
Mn 5-20 15-100 >1000 98-306
C u 3-5 5-15 > 20 12-62
Zn 15 10-50 200-500 41-351
D ata  sum m arised  b y  H au se n b u il le r  (1972) 
See C h a p te r  2.
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I ro n
I ro n  o c c u r s  in  ig n e o u s  ro c k s  a s  i ro n  o r e s ,  micas a n d  o th e r  
f e r ro m a g n e s ia n  m in e ra ls .  In  co llie ry  spoil i t  o c c u r s  mainly as  i ro n  
p y r i t e s  (F e S 2) a n d  is  also fo u n d  in c lay  m inera ls  a s  a rep la cem e n t  ion 
fo r  a lum inium . I ro n  is  e s se n t ia l  fo r  p la n t  g ro w th ,  b e in g  r e q u i r e d  fo r  
r e s p i r a t io n  a n d  o x y g e n  t r a n s p o r t  a n d  fo r  n i t r o g e n  f ix a t io n  in le g u m es .  
D efic iency  of i ro n  c a u s e s  ch lo ro s is  of th e  lea f  a n d  o c c u r s  mainly on 
c a lc a re o u s  soils in w hich  i ro n  may b e  p r e s e n t ,  b u t  in an  u n av a i lab le  fo rm .
S o lub il i ty  of i ro n  ox ides  is  v e r y  low in th e  o x id ise d  s ta t e  a n d  
m ovem ent of i ro n  is  more common in th e  r e d u c e d  F e ^ + s t a t e ,  th e  form in 
w h ich  most p la n t  u p ta k e  o c c u r s .  S ince  i ro n  o c c u r s  in more th a n  one 
v a len ce  s t a t e ,  i t s  ava i lab i li ty  is  a f f e c te d  b y  th e  o x id a t io n - re d u c t io n  s t a t e  
of th e  soil.
A m o rp h o u s  iro n  o x id e s ,  w h ich  a r e  a p r o d u c t  of p y r i t e  
o x id a tio n  in th e  sp o il ,  a f fe c t  p la n t  g ro w th  in d i r e c t ly  b y  a d s o rp t io n  of 
p h o s p h a te ,  t h u s  r e d u c in g  i t s  av a i lab i l i ty  to  p la n t s  (P u l fo rd  an d  D u n can
1975). Mitchell (1964) r e p o r te d  a no rm al r a n g e  of 10-100 u g /g  fo r  
ace tic  e x t r a c ta b l e  i ro n  in S co tt ish  to p so i l ,  w hile  m uch h ig h e r  leve ls  a r e  
f o u n d  in  co llie ry  spo il ,  Devlin (u n p u b l i s h e d )  f in d in g  lev e ls  of 5-742 (ag/g 
a n d  K im ber (1982) r e p o r t i n g  leve ls  u p  to  4 ,420  n g / g .
A s T ab le  1 .5  sh o w s , th e  c o n c e n t ra t io n  of i ro n  in p la n t  t i s s u e s  
from th e  spoil f ie ld  t r i a l  v a r ie s  from 217-2179 M-g/g, much h ig h e r  th a n  
th e  "norm al" p la n t  c o n te n t .
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Aluminium
Aluminium is  th e  most a b u n d a n t  m etal in  th e  e a r t h ' s  c r u s t ,  
o c c u r r in g  a s  b a u x i t e  a n d  g ib b s i te .  I t  is  a s t r u c t u r a l  com ponen t of c lay  
m inera ls  a n d  a lso  o c c u r s  as  ox ide  a n d  h y d r o u s  ox ide  c o a t in g s  on clay 
m ineral s u r f a c e s ,  th e s e  h a v in g  g r e a t  in f lu en ce  on spo il  p r o p e r t i e s .
Aluminium is n o t  e s s e n t ia l  fo r  p la n t  g ro w th ,  b u t  h ig h  
aluminium ion lev e l  is  one of th e  main c a u se s  of p la n t  f a i lu re  in  ac id  soils; 
aluminium in so lu tion  r e a c t in g  w ith  so lub le  p h o s p h a te  t h u s  r e d u c in g  th e  
am oun t of p h o s p h a te  ava ilab le  to  th e  p la n t s .  In ac id  soils th e  co n cen ­
t r a t io n  of aluminium is m uch g r e a t e r  th a n  th e  p h o s p h a te  ion c o n c e n tra t io n ,  
t h e r e f o r e  th e  r e a c t io n  f a v o u r s  th e  form ation  of th e  aluminium p h o s p h a te  
(M essing  1971, R u s s e l l  1973), while p h o s p h a te  le v e ls  a r e  f u r t h e r  r e d u c e d  
th r o u g h  a d s o rp t io n  o n to  h y d r o u s  ox ide  s u r f a c e s .  Once ta k e n  up  b y  th e  
p la n t ,  aluminium in th e  p la n t  cells  i n t e r f e r e s  w ith  th e  p h o s p h a te  metabolism. 
B e rg  a n d  Vogel (1969) r e p o r t e d  th e  tox ic i ty  of aluminium in p la n ts  grow n 
on co lliery  spoil.
Aluminium re le a s e d  b y  w e a th e r in g  of spo il is  mainly p r e c ip i ta te d  
as  h y d r o u s  o x id e s ,  K im ber (1982) f in d in g  f a r  m ore aluminium in oxa la te  
e x t r a c t s  of S c o t t ish  spo ils  th a n  in  ace tic  ac id  e x t r a c t s .  D evlin  (u n p u b l i ­
sh e d )  fo u n d  le v e ls  of ace tic  ac id  e x t r a c ta b le  aluminium r a n g in g  from 
6-427 M-g/g, w hile th e  p la n t  t i s s u e  c o n te n t  v a r ie d  from 120-3026 u g /g  
( See C h a p te r  2) .
Man ganese
T h e  a v e r a g e  m anganese  c o n te n t  of th e  e a r t h ' s  c r u s t  is  1,000 
H g /g (K n ezek  a n d  Ellis 1980). Soils con ta in  a n u m b e r  of m inera ls  w hich 
con ta in  m a n g an ese  in  com bination w ith  O^, anc* C O ^ > a n d  i t  is  also
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fo u n d  a s  a s u b s t i t u t e  ion in  fe r ro m a g n es iu m  m inerk ls .  P la n ts  r e q u i r e  
m a n g an ese  as  an  enzym e a c t iv a to r ,  h o w e v e r ,  h ig h  c o n c e n t ra t io n s  a re  
to x ic ,  c a u s in g  leaf  ch lo ros is  a n d  s t u n t e d  g ro w th .
M anganese  ions o ccu r  in  th e  soil in two form s -  Mn^ , h e ld
4+mainly on ca tion  e x c h a n g e  s i te s  on c lay  a n d  o rg an ic  m a tte r  a n d  Mn as  
a m o rp h o u s  o x id es  (K im ber 1982). A va ilab il i ty  to c ro p s  d e p e n d s  on th e  
pH a n d  o x id a t io n - re d u c t io n  p o te n t ia l  of t h e  soil; low pH a n d  r e d u c in g  
co n d i t io n s  in c re a s in g  th e  Mn^+ ion c o n te n t  of th e  soil so lu t io n ,  th e  form 
in  w hich  p la n t  u p ta k e  o c c u r s .
K im ber (1982) fo u n d  a s u b s t a n t i a l  am orphous  m a n g an ese  oxide 
f r a c t io n  in co llie ry  spoil as  well as  a h ig h  leve l  of ace tic  a c id - e x t r a c ta b le  
m a n g a n e se  (u p  to  536 n g /g )  w hich  cou ld  le a d  to  m an g an ese  to x ic i ty ,  th i s  
a lso  b e in g  r e p o r t e d  b y  Cummins e t  a l. (1965) .
Mitchell (1964) r e p o r t e d  ace tic  a c id - e x t r a c ta b le  m a n g an ese  leve ls  
in  S c o t t is h  a ra b le  soils r a n g in g  from 5-100 u g / g ,  a similar r a n g e  
b e in g  fo u n d  b y  Devlin (u n p u b l i s h e d )  in  co llie ry  spoil a t  18-118 n g /g .
T ab le  1.5 show s th a t  th e  le v e ls  of m a nganese  in p la n t s  g row ing  
on co l lie ry  spoil a r e  h ig h e r  th a n  th e  "norm al" lev e l ,  h o w e v e r ,  th e y  do 
n o t  e x c e e d  th e  leve l c o n s id e re d  to  b e  tox ic  to  p la n ts .
C o p p e r
T h e  a v e ra g e  co p p e r  c o n te n t  of th e  e a r t h 's  c r u s t  is  55 Hg/g 
w ith  th e  a v e ra g e  in  B r i t is h  s u r f a c e  so ils  b e in g  20 jug /g  ( Swaine an d  
Mitchell 1960). C o p p e r  is  e s s e n t ia l  fo r  p la n t  g ro w th ,  b e in g  r e q u i r e d  
fo r  enzym e com plexes in v o lv ed  in p h o to s y n th e s i s .  I t  o c c u r s  in 
m ine ra ls  in com bination w ith  S , O, CO^ a n d  SiO^ a n d  is  fo u n d  in
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asso c ia t io n  w ith  fe r ro m a g n e s ia n  m inera ls .  C o p p e r  is  s t r o n g ly  a f fe c te d  b y
ch e la t io n ,  > 98% of c o p p e r  in  so lu tion  b e in g  in an  o rg a n ic  com plex form ,
+ 2 + b o u n d  b y  c a rb o x y l  g ro u p s  a s  [C u (O H )]  an d  p heno lic  g r o u p s  as  C u
(H odgson  e t  al. 1966, R u s s e l l  1973). Two in o rg a n ic  ionic fo rm s e x is t  in 
+ 2+so lu t io n ,  C u a n d  Cu , th e  r e d u c e d  s ta t e  b e in g  more so lu b le  a t  th e  pH 
v a lu es  commonly fo u n d  in  so ils .
Mitchell (1964) r e p o r t e d  th e  ace tic  a c id - e x t r a c ta b le  c o p p e r  level 
in S c o t t is h  a ra b le  soils r a n g in g  from < 0 .0 5 -1 .0  i-ig/g, while D evlin  
(u n p u b l i s h e d )  fo u n d  co l l ie ry  spoil to con ta in  1-42 j ig /g .
C h a p te r  2 show s t h a t  in  most c a s e s ,  p l a n t s  g row n  on co lliery  
spoil c o n ta in e d  c o p p e r  le v e ls  in e x c e ss  of th e  "normal" v a lu e ,  a n d  in most 
in s ta n c e s  e x c e e d s  th e  lev e l  r e g a r d e d  as b e in g  tox ic  to  g ro w th  (12-62 \ i g / g) .
Zinc
T he  a v e ra g e  zinc c o n te n t  of th e  e a r t h ' s  c r y s t  is 80 n g / g  a n d
th a t  of soils r a n g in g  from 10-300 M-g/g (Sw aine a n d  Mitchell 1960). Zinc
is p r e s e n t  in th e  soil a s  s u lp h id e s ,  ox ides  a n d  s i l i c a te s ,  a n d  e x i s t s  in th e  
2 + +soil so lu tion  as  Zn a n d  [Z n (O H )]  , he ld  on th e  clay a n d  h y d r o u s  oxide 
s u r f a c e s .  I t  is  ta k e n  u p  b y  p la n ts  as Zn^ ion , b e in g  r e q u i r e d  fo r  g ro w th  
ho rm ones  a n d  th e  p rom otion  of p ro te in  s y n th e s i s .
H odgson  e t  a l .  (1966) fo u n d  th a t  60% of th e  zinc in  a ra b le  
soils e x i s t e d  in  an  o rg a n ic  com plex form , similar r e s u l t s  b e in g  r e p o r te d  
b y  R u sse l l  (1973) who fo u n d  th a t  EDTA e x t r a c t e d  m ore z inc  th a n  acetic  
ac id .
M itchell (1964) fo u n d  leve ls  of ace tic  a c id - e x t r a c ta b le  zinc in 
S c o t t is h  a ra b le  soils  r a n g in g  from < 2-30 j ig /g ,  while D evlin  (u n p u b l i sh e d )  
fo u n d  leve ls  of 1-16 u g / g  in rec la im ed  co llie ry  spo il .
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T ab le  1 .5  show s th a t  th e  leve ls  of zinc fo u n d  in  p la n ts  grow ing 
on spoil r a n g e d  from 41-351 u g / g ,  w hich is  g r e a t e r  th a n  th e  "normal" 
p la n t  c o n te n t  b u t  below  th e  leve l c o n s id e re d  to  b e  tox ic  to  p la n t  g row th .
From  th e s e  r e s u l t s  i t  would a p p e a r  t h a t  t h e  le v e ls  of zinc in 
th e  spoil a n d  v e g e ta t io n  a r e  u n like ly  to s e r io u s ly  a f fe c t  p la n t  g ro w th .
1 .6 .4 .3  Sum m ary
T h e  n i t r o g e n  b u d g e t  of co lliery  spoil is  low d u e  to  lack  of 
m inera lisab le  o rg a n ic  m a t te r ,  a l th o u g h  legum es may n a tu r a l ly  colonise 
th e  spoil a n d  some f ix a t io n  will o ccu r  (B ra d s h a w  a n d  C hadw ick  1980), 
likew ise p h o s p h o r u s  le v e ls  r e q u i r e  to b e  r a i s e d  b y  fe r t i l iz a t io n  (P u lfo rd
1976) a l th o u g h  lo s s e s  a r e  s u b s ta n t i a l  d u e  to  f ix a t io n  b y  spo il .  Potassium  
is  n o t  commonly a lim iting f a c to r  d u e  to r e le a s e  from clay  m inera l b r e a k ­
dow n. Calcium a n d  m agnesium  levels  v a r y  w idely  (K im ber 1982) in 
u n am en d ed  sp o il ,  b u t  l im ing  will e n s u r e  a d e q u a te  s u p p l ie s  to p la n ts ,  
while s u l p h u r  is  a b u n d a n t  due  to re le a s e  of s u lp h a t e  on ox ida tion  of 
i ron  p y r i t e s .
L ev e ls  of t r a c e  e lem en ts ,  b o th  e s s e n t ia l  ( i r o n ,  m a n g an ese ,  
c o p p e r  a n d  zinc d i s c u s s e d  h e re  a n d  h ig h l ig h te d  in  C h a p te r  2) a n d  n o n -  
e s s e n t ia l  (alum inium ) a r e  also limiting to  p la n t  g ro w th ,  b u t  in  c o n t ra s t  
to th e  m a c ro n u t r ie n t s  th e  p rob lem s e n c o u n te r e d  a r e  of to x ic i ty  due  to 
h ig h  le v e ls  o c c u r r in g  in  spo il.  T rac e  e lem ent a v a i lab i l i ty  a n d  th e i r  
u p ta k e  b y  h e r b a g e  a r e  d i s c u s s e d  in C h a p te r  2.
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1. 7 C o ll ie ry  Spoil Reclam ation T e c h n iq u e s
T h e  p ra c t ic a l  a s p e c t s  of b in g  r e - p r o f i l in g  a re  o u tw ith  th e  scope  
of th i s  t h e s i s ,  a l th o u g h  th e  im p o r ta n c e  of c o n s id e r in g  th e  n a t u r e  of th e  
spo il d u r in g  ea r th m o v in g  is  d i s c u s s e d .  Reclam ation is norm ally  c o n d u c te d  
on t h e  b a s i s  of im prov ing  th e  chem ical s t a t u s  of th e  spo il,  w ith  a soil 
c o v e r  b e in g  u t i l iz e d  as a m eans of im p ro v in g  g ro w th  cond itions  only  on 
a lim ited  sca le ,  d u e  to lack  of av a i la b i l i ty .  T h e  s i tu a tio n  r e g a r d in g  th e  
u s e  of a soil c o v e r ,  a n d  th e  a d v a n ta g e s  g a in e d ,  a r e  d i s c u s s e d  in C h a p te r  
5 b a s e d  on th e  s tu d y  of rec la im ed  s i te s  u n d e r  b o th  schem es.
T h e  norm al s e q u e n c e  of o p e ra t io n s  in v o lv ed  in spoil rec lam ation  
w ith o u t  th e  u s e  of soil a re :
(a )  R e g ra d e  th e  b in g
(b )  A p p ly  lime
(c)  A p p ly  fe r t i l iz e r
( d) S eed  th e  am ended  spoil
1 .7 .1  R e g ra d in g
R e g ra d in g  of coal b in g s  in v o lv es  th e  movem ent of th o u s a n d s  of 
to n n e s  of m a te r ia l  in o r d e r  to  c r e a te  a new la n d -fo rm .  F ig .  1 .2  show s 
two c r o s s - s e c t io n s  of E n te rk in e  b in g  (S ee  A p p e n d ix  II) w ith th e  
o r ig in a l  a n d  rec la im ed  s u r fa c e  s h a p e s .  T h r o u g h  e x p e r ie n c e  ga in ed  b y  
many v is i t s  to  rec lam ation  schem es  d u r in g  th e  c o u rse  of th is  s tu d y ,  a n d  
b y  d is c u s s io n  w ith  e n g in e e r s  a n d  o th e r s  in v o lv ed  in  th e  ea r thm ov ing  
s t a g e s  of spo il rec lam atio n ,  i t  was fo u n d  th a t  most r e g r a d in g  p ro je c ts  
in v o lv e  th e  rem ova l of "m ounds in to  hollows" as  shown in F ig .  1 .2 ( a ) .
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In  most c a s e s  no  c o n s id e ra t io n  is  g iven  to  th e  p h y s ic a l  o r  
chem ical p ro p e r t i e s  of th e  m a teria l  a t  th e  r e g r a d in g  s ta g e  a n d  sam pling 
is  on ly  c a r r i e d  o u t  a f t e r  e a r th m o v in g ,  to  de te rm ine  th e  am elio ra tive  
t r e a tm e n ts  r e q u i r e d  b e fo re  a v e g e ta t io n  co v e r  may b e  p la n te d .  H ow ever,  
b y  following th i s  p ro c e d u r e  t h e r e  a r e  many d ra w b a c k s .  W ea thered  
s u r f a c e  spoil w hich  h a s  u n d e rg o n e  chemical a n d  p h y s ic a l  c h a n g e s ,  a n d  
w hich  may even  s u p p o r t  a n a t u r a l  v e g e ta t io n  c o v e r ,  will b e  b u r i e d ,  
e x p o s in g  u n w e a th e re d  spoil w h ich ,  a l th o u g h  it  may p e rm it  p la n t  g ro w th  
in i t ia l ly ,  will b r e a k  down a n d  be  a l t e r e d ,  p r in c ip a l ly  th r o u g h  th e  ox ida tion  
of i ro n  p y r i t e s  r e s u l t in g  in p la n t  fa i lu re  (D oub leday  1973). T h e  
im p o rtan ce  of e x te n s iv e  sam pling  a f t e r  r e g r a d in g  h a s  b e e n  s t r e s s e d  b y  
many w o rk e rs  (K im ber e t  a l. 1978, K en t  1982). H ow ever ,  a p re l im in a ry  
sam pling  p ro g ram  b e fo re  e a r th m o v in g  w ould e n s u r e  t h a t  u n s u i ta b le  
m ateria l  would b e  id e n t i f ie d  a n d  b u r i e d  a t  r e g r a d i n g ,  a l th o u g h  it  would 
s t i l l  b e  n e c e s s a ry  to  sample th e  new  su r fa c e  b e fo re  p la n t in g .  In  th is  
way p la n t  su rv iv a l  would b e  in c r e a s e d  a n d  th e  n e e d  fo r  r e -c u l t iv a t io n  
d u e  to  spoil r e g r e s s io n  would be  r e d u c e d .
"Clayey" spo ils  a r e  n o t  ea s i ly  r e g r a d e d  a n d  te n d  to  become 
com pac ted  b y  h e a v y  v e h ic le s ,  le a v in g  a po o r  s t r u c t u r e  w ith  h ig h  b u lk  
d e n s i ty  a n d  low p o ro s i ty  w hich  may w ate r log  a n d  g ive  h ig h  r u n - o f f  
r a t e s  d u r in g  h e a v y  ra in fa l l .  On d ry in g ,  th i s  ty p e  of m ateria l  form s a 
m ass ive  s t r u c t u r e  which allows l i t t le  g a seo u s  e x c h a n g e  th r o u g h  th e  spo il,  
t h u s  d isc o u ra g in g  ro o t  g ro w th ,  a n d  p r e v e n t in g  th e  b r e a k t h r o u g h  of 
y o u n g  sh o o ts  d u e  to  th e  form ation  of a h a r d  c a p .  D onovan e t  al. (1976) 
recom m ends avo id ing  th e  m ovem ent of m ateria l on th e  s u r f a c e  which h a s  
a c lay  c o n te n t  > 15% d u e  to  th e  r i s k  of com paction. T h e re fo re
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id e n t i fy in g  spoil w h ich  is  u n s u i ta b le  fo r  s u r fa c e  s p r e a d in g  b e fo re  
r e g r a d i n g  is  c a r r i e d  o u t  would  allow fo r  s u c h  m a te r ia l  to  b e  b u r i e d  on 
s i te ,  t h u s  g iv in g  a g r e a t e r  c h an c e  of p la n t  s u r v iv a l .
1 .7 .2  Liming
Since m ost S c o t t ish  spoils  a r e  ac id ic ,  o r  becom e acidic  on 
w e a th e r in g ,  liming is  e s s e n t ia l  fo r  p la n t  e s ta b l is h m e n t .  Lime r e q u i r e ­
m ent is  c a lcu la ted  b y  e q u i l ib ra t io n  of spoil w ith  calcium h y d ro x id e  
so lu tions  ( C h a p te r  2 ) ,  to  f in d  th e  am ount of liming m a te r ia l  r e q u i r e d  to 
r a is e  th e  spoil pH to  6 .2  ( th e  optimum fo r  p a s t u r e  g r o w th ) .  I n c o rp o r ­
ation  of lime to a d e p th  of ap p ro x im a te ly  30 cm. u s in g  a d isc  c u l t iv a to r  
p ro v id e s  a su i ta b le  s eed  b e d  a n d  r e t a in s  a d d e d  f e r t i l i z e r  in  an  availab le  
form . Liming e n c o u ra g e s  p la n t  ro o t  g ro w th  p a r t i c u la r ly  in legum inous 
s p e c ie s ,  w hich do n o t  t h r iv e  u n d e r  acid  co n d i t io n s .  D eep e r  ro o ting  
im proves  spoil s t r u c t u r e  t h r o u g h  th e  add ition  o r  o rg a n ic  m a t te r ,  
e n c o u ra g in g  g ra n u la t io n  of lo o s e - t e x tu r e d  spoils  a n d  b r e a k in g  up  h eav y  
spo ils .  T he  chem ical e f fe c ts  of liming inc lude  r a i s in g  spoil pH , r e d u c in g  
th e  lev e ls  of t r a c e  m etals  ava ilab le  fo r  p la n t  u p ta k e ,  in c re a s in g  the  
ava ilab ili ty  of a d d e d  p h o s p h a te  a n d  in c re a s in g  th e  am o u n t of n i t ro g e n  
f ix ed  b y  le g u m e s . /
In  a d d i t io n  to th e  q u a n t i ty  of lime r e q u i r e d  to  r a i s e  spoil p H , 
a c c o u n t  m ust b e  ta k e n  of th e  p o te n t ia l  ac id ity  of th e  m a te r ia l  d u e  to 
p y r i t e  ox ida tion , a n d  assum ing  com plete ox ida tion  of t h e  p y r i t e ,  a f u r t h e r  
40 to n n e s  of C aC O ^ /h a  sh o u ld  b e  a d d e d  to n e u t ra l i s e  e ac h  1% of F e S 2 in 
th e  spoil (C o s t ig a n  e t  al. 1981) . Following th i s  p r o c e d u r e  liming r a t e s  
of up  to  50 t o n n e s / h a  a r e  n o t  uncommon in p y r i t ic  spoil (B ra d s h a w  a n d  
C hadw ick  1980) .
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A dd itio n  of lime w ith  p h o s p h a te  f e r t i l i z e r  to  ac id  spoil in c re a s e s  
p la n t  y ie ld ,  a l th o u g h  h ig h e r  liming r a t e s  r e d u c e  t h e  e f fe c t iv e n e ss  of th e  
f e r t i l i z e r  ( C h a p te r  3 ) .  T h e re fo re ,  th e  a d d i t io n  of e x t r a  lime ac tua lly  
r e d u c e s  th e  p o te n t ia l  p h o s p h a te  su p p ly  of t h e  sp o il .  In a d e q u a te  liming 
a t  p la n t in g  may r e s u l t  in acid  r e g e n e ra t io n ,  c a u s in g  d ie -b a c k  of th e  p la n t  
c o v e r ,  a n d  i t  h a s  b e e n  fo u n d  th a t  s u r f a c e  d r e s s i n g s  of lime to r e - e s t a b l i s h  
spoil pH a t  d e p th  a r e  in e ffe c tiv e  d u e  to  th e  slow r a t e  of p erco la t ion  
(B row n  e t  a l. 1956, Bloomfield e t a l .  1982), th e  m ost e f fe c t iv e  method 
b e in g  to  p lo u g h  in  a n y  v e g e ta t io n  c o v e r  w ith  th e  in c o rp o ra t io n  of lime, 
th e r e b y  g a in in g  th e  add itional e f fe c t  of a d d in g  o rg a n ic  m a t te r .  Due to  
th e  h e te ro g e n e o u s  n a t u r e  of spoil i t  is  n o t  uncommon to  f in d  a re a s  on 
rec la im ed  s i te s  w hich  r e q u i r e  r e - l im in g ,  s in ce  liming r a t e s  m ust be  
c a lc u la te d  b a s e d  on th e  a v e ra g e  cond it ion  of th e  spoil a t  th e  time of 
s am p lin g ,  th e r e f o r e  a r e a s  of h ig h ly  p y r i t i c  m a te r ia l  may b e  in su f f ic ie n t ly  
limed a n d  s u c h  a r e a s  will r e q u i r e  r e c u l t iv a t io n .
1 .7 .3  F e r t i l iz e r  add i t ion
F e r t i l i z e r  add ition  is u su a l ly  as  a s in g le  dose  of a com pound 
in o rg a n ic  f e r t i l i z e r ,  in most ca se s  20 :10 :10  o r  20 :1 5 :1 5 ,  N :P :K  ra t io ,  
w ith  in  some in s ta n c e s ,  add itiona l p h o s p h a te  b e in g  ap p l ie d  as  s u p e r ­
p h o s p h a te  o r  b a s ic  s lag  (se e  A p p e n d ix  I I ) .
A dd it ion  of su f f ic ie n t  f e r t i l iz e r  a t  p la n t in g  to  p rom ote  g ro w th  is 
n o t  in i t s e l f  a so lu tion  to  th e  p rob lem  of low n u t r i e n t  s t a t u s  of spoil. 
B ra d s h a w  e t  a l .  (1973) fo u n d  th a t  th e  ad d i t io n  of 20 :15 :15  a t  a r a t e  of 
626 k g / h a  was su f f ic ie n t  to  e s ta b l is h  a p la n t  c o v e r  on a n u m b e r  of s i t e s ,  
b u t  in o r d e r  to  m ain ta in  g ro w th ,  a d d i t io n s  of a f u r t h e r  376 k g /h a  in th e
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s e c o n d  y e a r  a n d  even  th e  th i r d  y e a r  w ere  n e c e s s a r y ,  similar f in d in g s  
b e in g  r e p o r t e d  b y  Bloomfield (1982) . N itro g e n  lo ss  o c c u r s  mainly t h r o u g h  
le a c h in g ,  a n d  p h o s p h o ru s  is  made u n a v a i la b le  b y  f ixa t ion  th r o u g h  
r e a c t io n  w ith  th e  spoil ( s e e  p r e v io u s  s e c t io n s ) ,  t h u s ,  it  is  n e c e s s a r y  to  
c a r r y  o u t  a c o n t in u o u s  system  of m o n i to r in g  of th e  n u t r i e n t  s t a t u s  of th e  
spo il in  o r d e r  to rep la ce  lo s se s .
Due to  th e  in c re a s in g  c o s t  of in o rg a n ic  f e r t i l iz e r s  in  r e c e n t  
y e a r s ,  a l t e r n a t iv e  form s of f e r t i l i z e r  h a v e  b e e n  u s e d  in o r d e r  to r e d u c e  
th e  c o s t  of spoil rec lam ation .  Two c h e a p  o rg a n ic  f e r t i l i z e r s  w hich a r e  
re a d i ly  av a i lab le ,  an d  w hich h a v e  th e  a d d e d  a d v a n ta g e  o v e r  in o rg a n ic  
fo rm s of im prov ing  spoil s t r u c t u r e  d u e  to  th e i r  o rg an ic  c o n te n t ,  a r e  
p o u l t r y  m a n u re  a n d  sew age s lu d g e .
( I )  P o u l t ry  m an u re
B ro i le r  l i t t e r  is r i c h e r  in  n i t r o g e n  th a n  most o th e r  b u lk y  
o rg a n ic  m anures  a n d  fo r  th i s  r e a s o n  is  p a r t i c u la r ly  u se fu l  a s  a co llie ry  
spoil am endm ent.  I t  is  u su a l ly  a p p l ie d  m ixed w ith  b e d d in g  l i t t e r  s u c h  as  
s t ra w  o r  wood s h a v in g s ,  g iv ing  a b u lk y ,  f r ia b le  p r o d u c t  w hich  is 
re la t iv e ly  d r y  a n d  can  b e  s p r e a d  ea s i ly  w ith  a d u n g  s p r e a d e r .  T h is  
s u p p l ie s  ava ilab le  n i t ro g e n  im m ediately  a s  well a s  re le a s in g  more n i t r o g e n  
on b re a k d o w n .  B ra d s h a w  e t a l. (1973) fo u n d  th a t  th e  add i t io n  of 
p o u l t r y  m a n u re  a t  a r a t e  of 12.5 t o n n e s / h a  to co llie ry  spoil in S . Wales 
was an  e f fec t iv e  m eans of r e d u c in g  th e  co s t  of fe r t i l iz e r  a d d i t io n s ,  a 
ty p ic a l  a n a ly s is  b e in g  2.3% N, 0.9% P ,  1.6% K , 68% o rg an ic  m a tte r  
(B ra d s h a w  a n d  C hadw ick  1980).
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(II) Sewage s ludge
Q uality  a n d  a n a ly s is  of d ig e s te d  sew age  s lu d g e  cak e  v a ry  
g rea t ly  d e p e n d in g  on th e  s o u rc e ,  e . g .  s lu d g e  from i n d u s t r i a l  a r e a s  may 
h a v e  h ig h  lev e ls  of t r a c e  m e ta ls .  Most so lub le  n u t r i e n t s  a r e  lo s t  d u r in g  
d r y in g  g iv ing  a s lo w -re le a se  n i t r o g e n  a n d  p h o s p h o r u s  f e r t i l i z e r  w ith  a 
d r y  so lid  c o n te n t  of a b o u t  25%, co n ta in in g  3% n i t r o g e n  a n d  3. 5% 
p h o s p h o r u s  (W .R .C .  P u b l ic a t io n ) .  S tu c k y  e t  al. (1980) fo u n d  th a t  
d ig e s te d  c ak e ,  w hen u s e d  on ac id  spo il ,  im proved  th e  soil p H , p ro v id e d  
a s o u rc e  of n u t r i e n t s  a n d  im p ro v ed  th e  p h y s ic a l  cond it ion  of th e  spoil.
1 .7 .4  S eed ing
S eed ing  is  u s u a l ly  done u s in g  co n v en tio n a l  b r o a d c a s t  m e thods , 
w ith  h y d ro s e e d in g  on ly  b e in g  u s e d  on in a c c e ss ib le  s lo p e s .  S eed ing  r a t e  
v a r ie s  acc o rd in g  to  th e  sp e c ie s  a n d  th e  s i te ,  th e  r a t e s  u s e d  on th e  s i te s  
d e s c r ib e d  in A p p e n d ix  I I  b e in g  49-110 k g / h a ,  a n d  th e  m ix tu re  v a ry in g  
from re g io n  to re g io n .
As d i s c u s s e d  in  p r e v io u s  s e c t io n s ,  th e  in c lu s io n  of one o r  more 
legum inous  sp ec ie s  in th e  s e e d  m ix tu re  is d e s i ra b le  a s  a m eans of spoil 
im provem ent a n d  as  a m e th o d  of m a in ta in ing  a n i t r o g e n  s u p p ly  fo r  th e  
main g r a s s  com ponent of th e  s w a rd ,  t h u s  r e d u c in g  th e  r e q u i r e m e n t  fo r  
n i t r o g e n  fe r t i l iz e r  a d d i t io n s .  I t  is  th e re fo r e  n e c e s s a r y  to  u s e  legume 
seed  w hich h a s  b e e n  in o c u la te d  w ith  th e  n i t r o g e n - f ix in g  b a c te r ia  
r e q u i r e d  b y  them  to c a r r y  o u t  t h e i r  fu n c t io n .
T he  g r a s s e s  a n d  legum es  most commonly u s e d  in  s e e d  m ix tu re s  
a r e  shown in T ab le  1.6  (K e n t  1982), a l th o u g h  many o th e r  sp e c ie s  n o t  
l i s te d  may b e  in c lu d e d .
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T able  1 .6  . G ra s s  a n d  legum e sp ec ie s  most commonly u s e d  in  spoil 
rec lam ation  (K e n t  1982)
E n g l ish  Name L atin  Name
Common b e n t  
C row n v e tc h  
C ocksfoo t 
Meadow fe s c u e  
C re e p in g  r e d  fe s c u e  
C h ew in g s  f e s c u e  
I ta l ian  r y e g r a s s  
P e re n n ia l  r y e g r a s s  
S m all- leaved  tim o thy  
T im othy
S m o o th -s ta lk e d  meadow g r a s s
B lack medock
B ird s fo o t  tre fo i l
A ls ike  c lover
R ed  c lover
White c lo v e r
A g ro s t is  te n u is  
C oronilla  v a r ia  
D acty lis  g lom era ta  
F e s tu c a  p r a t e n s i s  
F e s tu c a  r u b r a  
F e s tu c a  r u b r a  com mutata 
Lolium m ultif lorum  
Lolium p e r e n n e  
Phleum b e r to lo n i i  
Phleum  p r a t e n s e  
Poa p r a t e n s i s  
Medicago lu p u l in a  
L o tu s  c o rn ic u la tu s  
T rifo lium  h y b r id u m  
Trifolium  p r a t e n s e  
Trifo lium  r e p e n s
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A p p e n d ix  I I  l i s t s  th e  seed  m ix tu re s  u s e d  on th e  13 s i te s  
s u r v e y e d  in C h a p te r  5, r e p r e s e n t in g  rec lam ation  schem es c a r r i e d  ou t 
o v e r  th e  p e r io d  1965-1978 in  C e n t ra l  S c o t la n d ,  a n d  th i s  shows th a t ,  while 
v a r y in g  th e  r a t e s  of app lica t ion  of lime a n d  f e r t i l iz e r  d e p e n d in g  on spoil 
p r o p e r t i e s ,  eac h  re g io n a l  b o d y  m ain tains more or le s s  th e  same seed  
m ix tu re  on all of i t s  s i te s .
T h e  sp e c ie s  u s e d  on th e s e  s i te s  a r e  l i s t e d  below.
P e re n n ia l  r y e g r a s s  (Lolium p e r e n n e )
T h is  g r a s s  is  o f ten  th e  main c o n s t i tu e n t  of th e  s eed  m ix tu re  
a n d  was u s e d  on all of th e  s i te s  s tu d ie d ,  a c c o u n t in g  fo r  11-45% of th e  mix. 
I t  is  a h a r d y  p e re n n ia l  sp ec ie s  commonly fo u n d  on w as te la n d  a n d  is  u s e d  
w idely  w ith  c lo v e r  fo r  p a s t u r e s ,  h a v in g  q u ic k  em ergence  a n d  g iv ing  a 
le a fy  g ro w th  p r o v id in g  g raz in g  o v e r  a long  s e a s o n .
R ed  fe s c u e  (F e s tu c a  r u b r a )
T h is  is  a p e re n n ia l  g r a s s  w hich is  w id e s p re a d  a n d  g row s 
a b u n d a n t ly  on soils  of low f e r t i l i ty ,  e . g .  s a n d  d u n e s ,  s a l t  m a rsh e s .
I t  s p r e a d s  b y  m eans of c re e p in g  rh izom es w hich  m akes i t  p a r t i c u la r ly  
u s e fu l  on spoil a s  a m ethod  of s tab il iz ing  th e  s u r f a c e ,  espec ia lly  on s lo p es .
T im othy  (Ph leum  p r a t e n s e )
A v e r y  h a r d y  p e re n n ia l  g r a s s  u s e d  e x te n s iv e ly  fo r  g ra z in g  a n d  
h a y  p r o d u c t io n ,  commonly fo u n d  n a tu ra l ly  on w aste  s i t e s .  I t  h a s  a 
shallow ro o t in g  s y s te m ,  g row s well on a m oist ,  h e a v y  soil a n d  can  to le ra te  
low te m p e r a tu r e s .
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Meadow fe s c u e  (F e s tu c a  p r a t e n s i s )
A tu f t e d  p e re n n ia l  g r a s s  fo u n d  a b u n d a n t ly  in  meadows a n d  
w hich  g ro w s  well on h e a v y ,  moist so ils .
B row n top  (A g ro s t i s  s to lo n i fe ra )
A p e re n n ia l  g r a s s  commonly fo u n d  on w as te  g ro u n d ,  w hich 
g row s on a wide r a n g e  of soil ty p e s  from s a n d y  to  c lay ey ,  a n d  s u r v iv e s  
well on p o o r ,  d r y ,  acid  soils . I t  s p r e a d s  b y  m eans of rh izom es ,  a n d  
a l th o u g h  of re la t iv e ly  low a g r ic u l tu r a l  v a lu e  i t  can  b e  u s e d  to a d d  o rg an ic  
m a t te r  a n d  b in d  spoil s u r f a c e s .
Common b e n t  (A g ro s t is  te n u is  )
A p e re n n ia l  g r a s s  which g row s a b u n d a n t ly  on a w ide r a n g e  of
soil t y p e s .  I t  s p r e a d s  b y  means of s h o r t  rh izo m es ,  w hich  b in d  a n d
s tab i l iz e  th e  s u r fa c e  m ateria l.
R o u g h - s ta lk e d  meadow g r a s s  (Poa t r iv ia l is  )
T h is  is a p e re n n ia l  g r a s s  w h ich  s p r e a d s  b y  c r e e p in g ,  leafy  
s to lons  ( p r o s t r a t e  o r  c re e p in g  stem s w ith  ro o ts  g row ing  a t  th e  n o d e s ,  
g iv ing  r i s e  to v e g e ta t iv e  s h o o ts ) .  I t  t h r i v e s  on r i c h ,  moist soil, h a s  a 
v ig o ro u s  g ro w th  a n d  p ro v id e s  good g r o u n d  c o v e r .
S m o o th -s ta lk e d  meadow g r a s s  (Poa p r a t e n s i s )
A p e re n n ia l  g r a s s  w ith  c r e e p in g  rh izo m es ,  o ften  fo u n d  on
w a s te la n d .  I t  is  an  im p o rtan t  p a s t u r e  sp e c ie s  w h ich  g row s well on well- 
d r a in e d ,  s a n d y  loam soils a n d  is  u s e d  w idely  a s  a s u r fa c e  s ta b i l iz e r  on 
b a n k s  a n d  ro a d s id e s .
C ocksfoo t (D ac ty l is  g lo m e ra ta )
T h is  is a d e n s e ly  t u f t e d ,  c o a r s e ,  p e re n n ia l  g r a s s  w h ich  g row s 
well in  ro u g h  g ra s s la n d  a n d  m eadow s. I t  is deep  ro o te d  a n d  can  w ith ­
s t a n d  d r o u g h t  co n d it io n s .
C r e s te d  dog ta il  ( C y n o s u r u s  c r i s t a t u s )
A p e re n n ia l  g r a s s  w h ich  s u r v iv e s  on a wide r a n g e  of so ils ,  
l ig h t  o r  h e a v y  t e x t u r e ,  ac id  o r  a lka line  r e a c t io n .  I t  is  a low g row ing  
g r a s s  w ith a le a fy  b a s e ,  su i ta b le  fo r  s h eep  g ra z in g ,  can  w i th s ta n d  
d r o u g h t  a n d  cold co n d i t io n s ,  a n d  is  o f ten  u s e d  in m ix tu re s  fo r  u p la n d  
p a s t u r e .
R ed  c lo v e r  (T rifo lium  p r a t e n s e )
A p e re n n ia l  legum e u s e d  e x te n s iv e ly  fo r  p a s t u r e ,  h a y  p r o d u c t  
ion a n d  g reen  m an u re .  I t  i s  f o u n d  n a tu ra l ly  on a r a n g e  of soils  a n d  is  
a b u n d a n t  in meadows a n d  f o r e s t s .  A lth o u g h  it  g row s b e s t  on well- 
d r a in e d  loam soils i t  a d a p t s  to  w e t t e r  cond itions  a n d  is  most p r o d u c t iv e  
a t  pH 6. 6 -7 .6 .
White c lover  (T rifo lium  r e p e n s )
A lo n g - l iv e d  p e r e n n ia l  legum e w hich  is shallow ro o te d  a n d  
s p r e a d s  b y  s to lons  w hich  ro o t  a t  th e  n o d e s .  I t  to le ra te s  p o o r  c o n d i t io n s  
b e t t e r  th a n  most c lo v e rs  a n d  will grow on s l ig h t -  to m ed ium -ac id  soil, 
a l th o u g h  i t  g row s b e s t  a t  pH 6-7  w ith  optimal n i t ro g e n  f ix a t io n  a t  pH 6.5
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1.8  T h e  Use of a Soil C o v e r  in  Spoil Reclamation
Spoil c o n s is t s  of u n w e a th e re d  ro c k  a n d  coal f r a g m e n ts  w h ich ,  
g iven  time ( th e  le n g th  of w h ich  d e p e n d s  on th e  p r o p e r t i e s  of th e  m ateria l)  
will w e a th e r  a n d  s u p p o r t  a n a tu r a l  v eg e ta t io n  co v e r  ( R ic h a rd s o n  1976) . 
H ow ever ,  as  d i s c u s s e d  in p r e v io u s  s e c t io n s ,  th e  e s ta b l i s h m e n t  of a p la n t  
co v e r  h a s  many fa c to r s  a c t in g  a g a in s t  i t ,  e . g .  low pH a n d  th e  p rob lem  of 
p o te n t ia l  a c id i ty ,  low n u t r i e n t  s t a t u s ,  h ig h  leve ls  of t r a c e  m e ta ls ,  h ig h  
s u r f a c e  te m p e r a tu r e s ,  h ig h  b u lk  d e n s i ty ,  low w a te r  h o ld in g  c a p a c i ty ,  an d  
th e s e  p rob lem s  m ust b e  ove rcom e , o r  a t  le a s t  c o r r e c t e d  to  an  a c c e p ta b le  
leve l  b e fo re  p la n ts  will g row  s u c c e s s fu l ly .
An a l te r n a t iv e  m eans of e s ta b l is h in g  a g r o u n d  c o v e r ,  r a t h e r  
th a n  t r e a t in g  th e  spoil a s  a low g ra d e  soil r e q u i r in g  am en d m en t ,  is to 
s p r e a d  a la y e r  of soil on th e  s u r fa c e  an d  th u s  r e d u c e  th e  in f lu e n c e  of 
th e  spoil m ateria l  on th e  p la n t s .  A soil la y e r  p ro v id e s  a b e t t e r  s eed  b e d  
a n d  rem oves  th e  s e e d  from th e  spo il ,  t h e r e b y  in c re a s in g  p la n t  s u rv iv a l  a t  
th e  e a r ly  s ta g e ,  a l th o u g h  p ro b lem s  may be  e n c o u n te r e d  s u b s e q u e n t ly  a n d  
r e g r e s s io n  may still o c c u r  -  th e  q u es t io n  c o n c e rn in g  th e  u s e  of a soil 
c o v e r  is  fu lly  d is c u s s e d  in C h a p te r  5.
G en e ra l ly ,  if soil is  ava ilab le  i t  is u s e d  as  a c o v e r ,  s p r e a d  as 
a 10-15 cm la y e r  on top  of com pacted  spoil,  th e  most common so u rc e  of 
soil b e in g  from f ie ld s  a r o u n d  th e  b in g  w hich a r e  u s e d  to  accom m odate th e  
spoil a t  r e g r a d i n g ,  as  im p o r t in g  soil on to a s i te  can  o n ly  b e  done a t  
r e a s o n a b le  co s t  o v e r  s h o r t  d i s ta n c e s .  Topsoil a n d  su b so i l  a r e  rem o v ed , 
spoil is  s p r e a d  on th e  s t r i p p e d  la n d  a n d  th e  soil r e p la c e d .  H ow ever,  
th e  n a t u r e  of th e  u n d e r ly in g  m a te r ia l  is  n o t  ta k e n  in to  a c c o u n t  n o r  is th e
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d o w n g ra d in g  of p o s s ib ly  good q u a l i ty  topso il  a s  i t  is  mixed w ith  subso il  
l a y e r s .
Pow er e t  al. (1981) fo u n d  in  f ie ld  t r i a l s  w ith  sodic mine spoil 
t h a t  h e r b a g e  y ie ld  in c re a s e d  as th e  th i c k n e s s  of th e  soil la y e r  in c re a s e d ,  
maximum y ie ld  b e in g  a t ta in e d  w ith  20 cm of topso il  o v e r  70 cm of subso i l ,  
th i s  soil th i c k n e s s  rem oving  th e  in f lu en ce  of th e  spoil from th e  v e g e ta t io n  
c o v e r ,  a sim ilar soil l a y e r  th i c k n e s s  b e in g  reco m m en d ed  b y  D onovan e t 
al. (1976).
A rn o ld  (1981),  u s in g  a maximum to p so il  th i c k n e s s  of 25 cm on 
co llie ry  spo il ,  a lso  fo u n d  y ie ld  to in c re a s e  w ith  soil d e p th ,  b u t  conc luded  
th a t  th e  q u a l i ty  of th e  soil was of f a r  g r e a t e r  im p o r ta n c e  th a n  th e  q u a n t i ty  
u s e d .
Im p ro v e d  g ro w th  u s in g  a soil c o v e r  may b e  a t t r i b u t e d  to a 
n u m b e r  of f a c to r s  in c lu d in g  a g r e a t e r  c a p a c i ty  of th e  soil to re ta in  
m o is tu re ,  ease  of p e n e t r a t io n  of r o o ts ,  a n d  th e  soil u s e d  g en era lly  h a s  a 
h ig h e r  pH th a n  th e  spo il,  all of th e s e  f a c to r s  im p ro v in g  cond itions  fo r  
p la n t  g ro w th .  T h e  common p ra c t ic e  of u t i l iz in g  soil a t  a d e p th  of 10-15 
cm does  n o t  p ro v id e  a p e rm a n e n t  so lu tion  to  th e  p ro b lem , as  spoil 
in f lu e n c e s  will s til l  o c c u r  a t  d e p th .  H o w ev er ,  th i s  is an  acc ep tab le  d e p th ,  
b o th  from an economic p o in t  of v iew , a n d  a lso  is  a d e q u a te  in a id ing  p la n t  
e s ta b l ish m e n t  (D o u b led ay  1973).
R eclam ation of co lliery  spoil fo r  a g r i c u l tu r a l  u s e  in v o lv es  h ig h  
in p u t s  of f e r t i l i z e r  to  maximise y ie ld  a n d  t h e  d i s c u s s io n s  an d  recom m end­
a t io n s  in  th e  p r e s e n t  w ork p e r ta in  to  th i s  e n d .  H ow ever ,  t h e r e  a re  
s i tu a t io n s  w hich  do n o t  dem and s u c h  in te n s iv e  rec lam atio n .  In  some 
c a se s  i t  is  su f f ic ie n t  simply to  r e g r a d e  a n d  " g r e e n - o v e r "  a s i te  to  rem ove
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th e  dom ina ting  p r e s e n c e  of a b in g  from th e  la n d s c a p e  while some s i te s  
a re  rec la im ed  as p a r k la n d  in u r b a n  g re e n  b e l t  a r e a s .  In  th e se  
s i tu a t io n s  a c o v e r  is  s o u g h t  w hich  r e q u i r e s  low m ain tenance  and  low 
i n p u t s ,  w ith  a p red o m in an ce  of s low er g ro w in g ,  h a r d ie r  spec ies  s u c h  as 
f in e - le a v e d  s h e e p s  fe scu e  ( F e s tu c a  te n u ifo l ia ) , h a r d  fe scu e  (F e s tu c a  
lo n g i fo l ia ) , b ro w n  top (A g ro s t is  s to lo n i f e ra ) , v e lv e t  b e n t  (A g ro s t is  
c an in a )  a n d  common b e n t  ( A g ro s t is  t e n u i s ) w h ich  form low grow ing 
s w a rd s  r e q u i r i n g  r e la t iv e ly  l i t t le  c u t t in g .
1 .9  Aims of th e  T h es is
As d e s c r ib e d  in p re v io u s  s e c t io n s ,  coal w aste  d isposal is  a 
w orld -w id e  p ro b lem , r e q u i r in g  th e  e x p e r t i s e  of soil a n a ly s t s ,  among o th e r s ,  
to  i n t e g r a t e  i t  b a c k  in to  th e  e n v iro n m e n t .  Many of th e  p h y s ica l  a n d  
chem ical p ro b lem s  fo u n d  in poo r  soils  a r e  b r o u g h t  to g e th e r  in coal w aste  
g iv in g  a h o s t i le  p la n t  e n v iro n m en t  w hich  c a n ,  h o w ev e r ,  be recla im ed 
s u c c e s s fu l ly  p ro v id e d  th a t  e n o u g h  in fo rm ation  is  o b ta in ed  from th e  m a teria l  
b e fo re  rec lam a t io n .  R e g ra d in g ,  ad d i t io n  of lime a n d  fe r t i l iz e r s ,  an d  
p la n t in g  a m ix tu re  of g r a s s e s  an d  legum es does  n o t  g u a ra n te e  s u c c e s s ,  
as m any f a c to r s  in th e  spoil make i t  u n s u i ta b le  fo r  p la n t  g row th .
T h e  two n u t r i e n t s  most commonly la c k in g  in colliery  spoil a re  
n i t r o g e n  a n d  p h o s p h o r u s ,  w hich m ust be  a d d e d  a t  h ig h e r  r a t e s  th a n  a re  
r e q u i r e d  in a soil fo r  p la n ts  to g row . N itro g e n  add ition  can  be in c re a s e d  
b y  th e  in c lu s io n  of in o c u la te d  legum es in th e  s e e d  m ix tu re .  H ow ever,  no 
s u c h  b io logical in  s i tu  add it ion  is ava ilab le  fo r  p h o s p h o ru s .  B o th  th e  low 
so lu b il i ty  of in o rg a n ic  p h o s p h o ru s  f e r t i l i z e r s ,  a n d  th e  ab ili ty  of spoil to 
f ix  so lub le  p h o s p h a te s  r e s u l t  in low levels  of p h o s p h o ru s  b e ing  ava ilab le  •
to  p l a n t s ,  a n d  th i s  a s p e c t  of spoil c h e m is try  h a s  b e e n  s tu d ie d  b y  many 
w o r k e r s .
T h e  w ork  d e s c r ib e d  in th i s  th e s i s  w as c a r r i e d  o u t  to a s s e s s  
a s p e c t s  of spoil rec lam ation  from th e  p o in t  of view of i t s  chemical 
s u i ta b i l i ty  fo r  p la n t  g ro w th .  T h e  p rob lem  of low p h o s p h o ru s  s u p p ly  a n d  
p h o s p h a te  f ix ing  c a p a c i ty ,  th e  ca tion  e x c h a n g e  cap ac ity  of th e  spoil a n d  
th e r e f o r e  i t s  c ap a c i ty  to  ho ld  p la n t  n u t r i e n t s ,  an d  th e  problem  of h ig h  
le v e ls  of ava ilab le  t r a c e  m etals  in  rec la im ed  spoil a r e  exam ined , to g e th e r  
w ith  an  a s s e s s m e n t  t h r o u g h  f ie ld  s tu d ie s  of th e  s u c c e s s e s  ac h ie v e d  u s in g  
a soil c o v e r .
T h e  r e s u l t s  of th e s e  s tu d ie s  em phasise  th e  n eed  to a s s e s s  each  
spoil s i te  in some d e ta i l ,  b o th  b e fo re  a n d  a f te r  r e g r a d i n g ,  an d  to 
c o n t in u a l ly  m onitor th e  p r o g r e s s  of v e g e ta t io n  g ro w th ,  as  i t  is im poss ib le  
to  d raw  u p  a p lan  of w ork  w hich  can  b e  u s e d  on all s i te s ,  th e  main 
c h a r a c te r i s t i c  of coal b in g s  b e in g  t h a t  th e y  a r e  h e te ro g e n e o u s  m ix tu re s  
of m a te r ia ls ,  d if fe r in g  one from a n o th e r  b o th  p h y s ica l ly  an d  chem ically .
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CHAPTER 2
TRACE ELEMENT CONTENT OF PLANTS GROWING ON 
RECLAIMED COLLIERY SPOIL
2 .1  INTRODUCTION
P la n ts  p ro b a b ly  co n ta in  t r a c e s  of all th e  elem ents  p r e s e n t  in 
th e  en v iro n m en t in  w hich  th e y  grow, how ever ,  th e  m ere fa c t  of u p ta k e  
does  n o t  imply th a t  an  elem ent is  e s s e n t ia l  fo r  th e  p la n ts '  developm ent, 
s imply t h a t  i t  is p r e s e n t  in  th e  ro o t  zone in a form w hich th e  ro o ts  
h a v e  no mechanism to e x c lu d e .  Soil an a ly s is  to de te rm ine  th e  t r a c e  
e lem ent con ten t,  an d  th e  form in  w hich  each  element o ccu rs ,  will 
in d ic a te  th e  liklihood of d e f ic ien cy  o r  tox ic i ty  in c ro p s  grow n on th a t  
soil, b u t  th e  an a ly s is  of th e  s w a rd  will give no clue to  th e  le v e ls  or 
form s of th e s e  e lem ents  in  th e  soil (C ornw ell an d  S tone 1973, Dick 
e t  al. 1985). U p take  of a p a r t i c u l a r  element b y  a p la n t  d e p e n d s  n o t 
on ly  on th e  level of th e  a c t iv e  form of th a t  element in  th e  soil b u t  also 
on th e  availab ility  of m any o th e r  elements, b o th  e s s e n t ia l  a n d  n o n -  
e s se n t ia l  fo r  g ro w th  ( C a r t e r  e t  a.1. 1969, Jo n e s  e t  al. 1973, B je r r e  and  
S c h ie ru p  1985, C u lv e n o r  1985) .
2. 2 E ffec t of Soil C o n d it io n s  on T ra c e  Element A va ilab ili ty
I .  Soil ac id ity
One of th e  main e f f e c t s  of soil ac id ity  on p la n t  g ro w th  is  an 
in c re a s e  in  th e  ava ilab ili ty  of t r a c e  elem ents and  a d e f ic iency  of Ca, Mg, 
Mo and  available  P (H a llsw o rth  e t  al. 1957, Kimber 1982). A d e c re a se
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in  soil pH may b r in g  a b o u t  e i th e r  or b o th  of th e s e  c h a n g e s ,  as  well as 
h a v in g  a d i r e c t  e f f e c t  on th e  g row th  of th e  p la n t  r o o ts  a n d  soil micro­
o rg a n is m s .  M u rp h y  e t  a l.  (1984) fo u n d  th a t  in fe c t io n  of ro o t  h a i r s  by  
n i t r o g e n - f ix in g  b a c te r ia  was s u sc ep tib le  to h ig h  aluminium co n c e n tra t io n  in 
th e  soil,  t h e r e f o r e  m odulation s u b s e q u e n t  to  in fec t io n  of legum e ro o ts  was 
r e d u c e d .
I I . M ois tu re  c o n te n t
Mitchell e t  al. (1957) fo u n d  th a t  in th e  S c o t t is h  soils in th e i r  
s tu d y  th e  m ost im p o r ta n t  pedological f a c to r  in f lu e n c in g  t r a c e  element 
ava i lab i l i ty  was th e  d ra in a g e  s t a tu s  of th e  soil,  w ith  h ig h e r  leve ls  of Co,
Ni, V , C u ,  Mo, F e ,  T i a n d  Cr e x t r a c te d  from a p o o r ly  d ra in e d  site  
com pared  w ith  an  a d ja c e n t  w e l l -d ra in e d  s i te .  T h ey  a lso  fo u n d  th a t  th e  
d i f f e re n c e s  in le v e ls  of e x t ra c ta b le  Co a n d  Ni in th e  soil w ere r e f le c te d  in 
th e  c o n te n t  of th e s e  e lem ents  in  th e  v e g e ta t io n ,  while s u c h  a re la t io n sh ip  
d id  n o t  e x i s t  fo r  F e ,  V , C r  or Ti.
I I I .  O rg a n ic  m a tte r
Due to  th e  assoc ia tion  of some t r a c e  e le m e n ts ,  n o ta b ly  Cu a n d  Zn, 
w ith  th e  o rg a n ic  f r a c t io n  in th e  soil (R obson  a n d  R e u te r  1981), th e  level 
of o rg a n ic  m a tte r  a f f e c t s  th e i r  ava i lab i l i ty .  B je r re  a n d  S c h ie ru p  (1985) 
fo u n d  lev e ls  of C u a n d  Zn in o rgan ic  soils e x c e e d in g  th o s e  of s a n d y  so ils ,  
a l th o u g h  p la n t  u p ta k e  was lower from th e  o rg an ic  soil due  to th e  a s so c ia t­
ion w ith th e  in so lu b le  o rg an ic  f ra c t io n .
IV . C ation  e x c h a n g e  capac ity
A d so rp t io n  of t r a c e  e lem ents  on th e  ca tion  e x c h a n g e  complex 
rem oves  them  from th e  availab le  to th e  ex c h a n g e a b le  poo l,  a n d  canno t
b e  ta k e n  up  b y  p la n ts  u n le ss  an e x c h a n g e  re a c t io n  f i r s t  occurs ,  e . g .  
r e p la c e m e n t  b y  H + from roo t e x u d ia te s .  H ines ly  e t  al. (1982) fo u n d  
t h a t  p la n t  u p ta k e  of cadmium, a d d e d  to  soil as a so lub le  sa lt ,  was 
r e d u c e d  in  soils w ith  h ig h e r  cation  e x c h a n g e  c a p a c i ty .
2. 3 P la n t  A d a p ta t io n  to A d v e rse  Soil C o n d it io n s
C e r ta in  p la n t  spec ie s  a re  able  to  to le ra te  a h ig h  level of a 
p a r t i c u la r  t r a c e  e lem ent p r e s e n t  in  th e  soil a n d  can  accum ula te  h ig h  
c o n c e n t ra t io n s  of t h a t  element in th e i r  t i s s u e s  (S m ith  1971). Such  
accu m u la to r  sp e c ie s  m u s t  be  id e n t i f ie d  to  p r o t e c t  g ra z in g  animals from 
t r a c e  elem ent tox ic i ty ,  e . g .  se le n ife ro u s  s p e c ie s  (A llaway 1968), while 
th e y  may be  u s e fu l  fo r  m apping  o re  d e p o s i te s  (B o lla rd  an d  B u t le r  1966, 
J o y ce  1975).
P la n t  s p e c ie s  can  a d a p t  to  th e  p re v a i l in g  soil cond itions  s u c h  
as h ig h  or  low pH , h ig h  sa lin ity  o r  con tam ina tion  b y  h eav y  metals 
(G re g o ry  a n d  B ra d s h a w  1965). C a lc ifuge  p la n ts  ( th o s e  which grow 
u n d e r  ac id  soil co n d i t io n s )  can  to le ra te  h ig h e r  le v e ls  of available A£ 
th a n  th o s e  g ro w in g  u n d e r  alkaline c o n d it io n s  (calcicole) w hich show 
s ig n s  of Ail to x ic i ty  a n d  Ca d e f ic iency  u n d e r  ac id  cond itions  (R u sse ll  
1973).
2. 4 V ariation B e tw een  P lan t  Species
P la n t  sp e c ie s  v a ry  widely in th e i r  t r a c e  elem ent r e q u ire m e n t  
a n d  also in  t h e i r  t r a c e  element c o n te n t  (A llaway a n d  C arey  1964).
Total m ineral c o n te n t  of a sw ard  is im p o r ta n t  from th e  p o in t  of view of 
g ra z in g  animals a n d  many s tu d ie s  h av e  b e e n  c a r r i e d  ou t on g ra s s e s  an d
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legum es to d e te rm in e  th e  in ta k e  b y  animals, mainly in re la t io n  to  t r a c e  
e lem en ts  which a re  tox ic  a t  h ig h  le v e ls  (A llaway e t  al. 1966, Wilkins 
1979). T ra c e  elem ent in t a k e  is  d e te rm in e d  p r im ar ily  b y  th e  av a i lab i l i ty  
of th e  soil t r a c e  e lem en ts  an d  also b y  th e  bo tan ica l  com position  of th e  
sw ard ,  b u t  is  modified s ig n if ic a n t ly  b y  th e  season  an d  s ta g e  of m a tu r i ty  
of th e  p la n ts  (R eay  a n d  M arsh  1976, Thom pson  and  W arren 1979, M erry  
a n d  T il le r  1986). In  g e n e ra l ,  fo r  th e  c o n s t i tu e n t s  of a mixed sw a rd ,  
th e  r e la t iv e  c o n te n t  of whole p la n t  sam ples  rem ains re a s o n a b ly  c o n s ta n t ,  
e . g .  c lo v e rs  g en e ra l ly  h a v e  h ig h e r  N, Ca a n d  t r a c e  e lem ent c o n te n ts  
th a n  g r a s s e s  (H em ingw ay 1962, J a r v i s  1980). D if fe ren ce s  w ith  s ta g e  of 
m a tu r i ty  will a f fe c t  th e  leve l of eac h  m ineral,  b u t  n o t  e n o u g h  to  c h a n g e  
th e  o r d e r  be tw een  sp e c ie s  (De M edeiros a n d  H aridasan  1985).
2. 5 D is tr ib u t io n  of T ra c e  E lem ents  Within P a s tu r e  P la n ts
stem s and lea v es  of
T ra c e  e lem ent d i s t r ib u t io n  w i th in ^ p a s tu re  p la n ts  is  u n e v e n  a n d
th e  d is t r ib u t io n  p a t t e r n  v a r ie s  b e tw ee n  sp ec ie s  (Fleming 1963, F lem ing 
a n d  M u rphy  1968, MacLean 1976). F lem ing (1963) fo u n d  a h ig h e r  
c o n c e n tra t io n  of Mg in th e  le av es  of f o u r  g r a s s e s  an d  one c lo v e r  spec ies,  
a h ig h e r  c o n c e n tra t io n  of Mn in  th e  s tem s of th e  g r a s s e s  a n d  in  th e  
le av es  of th e  c lo v e r  a n d  a c o n c e n tra t io n  of Ni in  th e  seed  h e a d s  of all 
sp e c ie s ,  th e se  l a t t e r  two o b s e rv a t io n s  b e in g  confirm ed b y  D avey  and  
Mitchell (1968).
P lan t  y ie ld  on rec la im ed  spoil is  low er, w hen  com pared  to a 
soil, d u e  to  many f a c to r s  d i s c u s s e d  in C h a p te r  5, h en c e  th e  p r e f e r e n c e  
to  u s e  a soil co v e r  o v e r  t r e a tm e n t  of th e  b a r e  spoil.  Whole p la n t  
a n a ly s is  shows th a t  h ig h  le v e ls  of t r a c e  elem ents  may o ccu r  in  p la n ts
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grow ing  on mine spoil (G re g o ry  a n d  B ra d sh a w  1965, S tu c k y  e t  al. 1980) 
a n d  y ie ld  is in c r e a s e d  b y  th e  u s e  of a soil co v e r  (A rn o ld  1981, Power 
e t  a l. 1981), h o w ev e r  th is  does n o t  com plete ly  rem ove th e  p la n t  from 
th e  in f lu en ce  of th e  u n d e r ly in g  spo il .  A com parison  of th e  t r a c e  elem ent 
c o n te n t  of p e re n n ia l  r y e g r a s s  g row ing  on a soil an d  a rec la im ed  spoil was 
m ade to  d e te rm in e  th e  d i f fe re n c e s  in  lev e ls  of u p ta k e  a n d  th e  d is t r ib u t io n  
w ith in  th e  p la n t  of th e  e lem ents  s tu d ie d .
2 .6  T ra c e  Elem ent C o n te n t  of P la n t  P a r t s
P la te  3 show s two sam ples of h a y  a t  th e  same s ta g e  of m a tu r i ty  
a n d  grow n on a d ja c e n t  la n d  u n d e r  th e  same m anagem ent schem e. T he  
"a rab le "  sample was g row n on a s a n d y  clay loam soil an d  th e  "reclaim ed" 
sam ple was grow n on rec la im ed  spo il w ith  a c o v e r  of 10-15 cm of a 
s im ilar soil. B o th  sam ples w ere  ta k e n  from L ochore  Meadows P h ase  IV, 
Hilton of B ea th  Farm  ( s e e  A p p e n d ix  I I ) .
In  o r d e r  to  make a d i r e c t  com parison  of th e  t r a c e  elem ent 
c o n te n t  of th e  two h a y  sam ples, on ly  th e  p e re n n ia l  r y e g r a s s  (Lolium 
p e re n n e )  in  each  sam ple was a n a ly s e d   ^ Each p la n t  w as  s e p a r a t e d  in to  
fo u r  p a r t s  fo r  a n a ly s is  (F ig .  2 .1 ) :
1. Seed  h e a d
2. U p p e r  s ta lk  to  w h ich  th e  s eed  is  a t t a c h e d
3. Main s ta lk
4. Leaf
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PLATE 3 - Samples of hay grown on "arable" and "reclaimed" land.
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F i g . 2 . 1 . D iv is ion  of p e re n n ia l  r y e g r a s s  (Lolium p e re n n e )  fo r  t r a c e
e lem en t a n a ly s is
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2 .6 .1  A sh in g  P ro c e d u re
All sam ples w ere  d r ie d  a t  105°C in a fo rce  d r a u g h t  oven  a n d  
a s h e d  u s in g  a n i t r ic  acid  (H N O ^ ) /p e rc h lo r ic  ac id  (HC&O^) p r o c e d u r e  
b a s e d  on  r e s e a r c h  c a r r i e d  o u t  in  th e  A g r ic u l tu r a l  C hem is try  D e p a r tm e n t ,  
Glasgow U n iv e rs i ty ,  show ing th e  s u i ta b i l i ty  of th i s  m ethod fo r  h e rb a g e  
a n a ly s i s  (Khalil 1981) .
M ethod
A pprox im ate ly  lg  of sample was w e ighed  into a 500 ml conical 
f la s k  to  w hich  20 ml of A r i s t a r  conc .  HNO^ was added, an d  th e  f la sk  
p la c e d  on  a s a n d  b a th  a t  120-140°C w ith  a f i l te r  funne l  in  th e  n e c k  of 
th e  f la s k  to r e f lu x  th e  ac id . D ense b ro w n  fumes a p p e a re d  d u r in g  
o rg a n ic  m a t te r  ox ida tion  a n d  d ig e s t io n  was co n t in u e d  un ti l  fum ing cea se d  
( a p p r o x .  1 h r ) .  A f te r  cooling, 5 ml of A r i s t a r  conc. H C £0^ was a d d e d  
a n d  th e  f la sk  r e t u r n e d  to th e  s a n d  b a t h  a t  200°C for a p p ro x .  2 h r s .
On com pletion of th e  d ig e s t io n  d e n se  w hite  fum es of HCJiO^ appeared and 
th e  d ig e s t  was c lea r  w ith a r e s id u e  of silica rem ain ing .  T he  d ig e s t  was 
cooled a n d  th e  fu n n e l  a n d  in s id e  of th e  f la s k  w ere  r in s e d  w ith  d e - io n ized  
w a te r ,  f i l te r e d  to rem ove th e  silica r e s id u e  a n d  th e  volume made to 100 ml.
All a n a ly se s  w ere  c a r r i e d  ou t in dup lica te ,  to g e th e r  w ith  a 
b la n k  d ig e s t io n  co n ta in in g  th e  ac id  m ix tu re  on ly . All s te p s  w ere  c a r r i e d  
o u t  in  a fume c u p b o a rd .
F ive  elem ents  w hich o c c u r  in co llie ry  spoil a t  h ig h e r  leve ls  
th a n  a r e  fo u n d  in a ra b le  soils w ere  ch o sen  fo r  th is  s tu d y ,  namely 
Fe, A£, Mn, Cu an d  Zn, each  d e te rm in e d  b y  atomic a b so rp t io n  s p e c t r o ­
p h o to m e try  u s in g  a P e rk in  Elmer model 370A.
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2 .7  RESULTS
Table  2 .1  show s th e  levels  of iron, aluminium, m a n g an ese ,  
c o p p e r  a n d  zinc fo u n d  in  each  p la n t  p a r t .  (S ee  also F ig s .  2. 2 - 2 .6 ) .
T ab le  2 . 1 . L eve ls  of F e ,  A&, Mn, Cu a n d  Zn in "arab le"  a n d  "reclaim ed" 
sam ples of p e r e n n ia l  r y e g r a s s  (Lolium p e r e n n e ) - r a n q e  and mean.
Total metal c o n te n t  ( u g /g  d r y  m a tte r )
PLANT PART Fe A£ Mn C u Zn
SEED HEAD
*
A
**
, 66(39) 
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2 — (oa)
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(lo t-u o)
170 
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(3
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(3 (0 -So)
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58 24 
fct -2 7 )
44
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17
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28 
(a*-3 0
R 75 112 30 17 35
(]*<»•-U©) (27-33) (»£T-\4) (3)'34)
*
A = "Arable" sample 
R = "Reclaimed" sample 
R e s u l t s  in b r a c k e t s  a r e  th o se  of Fleming (1963) fo r  p e r e n n ia l  r y e g r a s s
g row n  on a w e ll -d ra in ed  acid  b row n  e a r t h  of medium b a s e  s t a t u s .
0? YAftAftnag. y^*ov-o£> UvHCtt fActoft. KftrtA&fcngHf 
dtCAVM. oft. t f f e c *  0 ^  VUiVf
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F ig .  2 .2 .  I r o n  c o n te n t  of p e re n n ia l  r y e g r a s s .
500 -
400 -  X SE = ±14.8
f t . f t fw o .e n w c  s 'fr-  \ 
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F ig .  2 .3 .  Aluminium co n ten t  of p e re n n ia l  r y e g r a s s .
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F ig .  2 .4 .  M anganese  co n te n t  of p e re n n ia l  r y e g r a s s .
ft. H.s.
30
20
10
UPPERMAINSEED LEAF
HEAD STALK STALK
F ig .  2 .5 .  C o p p e r  c o n te n t  of p e re n n ia l  r y e g r a s s .
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F ig .  2 .6 .  Zinc co n te n t  of p e r e n n ia l  r y e g r a s s .
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As T ab le  2 .1  show s, in  most ca se s  th e  level of each  elem ent 
is  h ig h e r  in b o th  h a y  sam ples th a n  th e  r e s u l t s  of Fleming ( 1963), an d  
in  most cases, e x c e p t  fo r  Cu, th e  "recla im ed" sample h as  a h ig h e r  
c o n te n t  in  each  p la n t  p a r t  th a n  th e  "a rab le"  sample. T he  on ly  two 
in s ta n c e s  w h e re  th e  lev e ls  a g re e  w ith  Flem ing (1963) a re  th e  c o n ce n ­
t r a t io n s  of Mn in th e  main s ta lk  a n d  Zn in th e  seed  h e a d .  T h is  seco n d  
o b s e rv a t io n  is of p a r t i c u la r  n o te  s in ce  Fleming ( 1963) found  th a t  fo r  
each  of th e  fo u r  g r a s s  sp e c ie s  s tu d ie d  th a t  th e  level of Zn in th e  seed  
h e a d  was v e r y  similar; p e re n n ia l  r y e g r a s s  ( Lolium p e r e n n e ) 37 ju g/ g, 
meadow fe scu e  ( F e s tu c a  p r a t e n s i s ) 37 u g / g, cocksfoot (D acty lis  
g lo m e ra ta ) 35 u g/ g a n d  tim o thy  ( Phleum  p r a t e n s e ) 36 ji g/ g, d e sp i te  th e  
v a r ia t io n s  in t r a c e  elem ent c o n te n t  of o th e r  p la n t  p a r t s .  A lth o u g h  th e  
lea f  a n d  main s ta lk  sam ples show n in T ab le  2.1 h av e  h ig h e r  Zn c o n te n ts  
th a n  th o se  fo u n d  b y  F lem ing (1963), th e  s e e d  h ead  m ain tains a r e a s o n ­
ab ly  c o n s ta n t  v a lu e .  In  a l a te r  s tu d y  Flem ing (1963-1965) again  d raw s  
a t te n t io n  to th is  a n d  s u g g e s t s  a p o ss ib le  assoc ia t ion  w ith  t r y p to p h a n  an d  
au x in  s y n th e s is ,  an  a ssoc ia t ion  a lso  s t a t e d  b y  N ason an d  McElroy (1963), 
who also fo u n d  an  accum ula tion  of Mn in  th e  leaf (s e e  Table 2 .1 ) ,  a n d  
b y  Salami a n d  K enefick  (1970).  T h e r e  may th e re fo re  be a mechanism in 
p e re n n ia l  r y e g r a s s  w hich r e g u la te s  th e  accum ula tion  of Zn in  th e  seed  
h e a d  a n d  Mn in  th e  main s ta lk  w h e re  th e s e  elem ents  a r e  r e q u i r e d  fo r  a 
m etabo lic  fu n c t io n  which w ould cease  if th e  levels  ex ce ed ed  a th r e s h o ld  va lue .
D esp i te  v a r ia t io n s  b e tw ee n  th e  sam ples in  th e  leve ls  of th e  
five  e lem ents  s tu d ied ,  th e  d i s t r ib u t io n  p a t t e r n  w ithin  th e  p la n ts  from 
b o th  s i te s  is  sim ilar in  many c a se s  -  h ig h e s t  Fe a n d  Mn c o n te n t  in  th e  
leaf  w ith  A i  a n d  C u accum ula tion  in  th e  main s ta lk .
2 .8  DISCUSSION
T h e  le v e ls  of F e ,  A £, Mn a n d  Zn in  p e re n n ia l  r y e g r a s s  
(Lolium p e re n n e )  from th e  rec la im ed  s i te  a re  h ig h e r  th a n  th o se  in  th e  
a ra b le  sample in  m ost p la n t  p a r t s .
When p la n t  ro o ts  ta k e  u p  ions  from th e  soil solution, t h e r e
a re  m echanism s in  th e  p la n t  w hich  r e g u la te  th e  am ount w hich  is t r a n s ­
p o r t e d  to  each  s i te  w ith in  th e  p la n t .  Such  a r e g u la to r y  system  s e rv e s  
two fu nc tions ,  f i r s t ly ,  e lem ents  w hich  a r e  r e q u i r e d  a t  a specif ic  s ite  
a r e  t r a n s p o r t e d  to  t h a t  s i te  w hich  will be  fa v o u re d  d u r in g  p e r io d s  of 
s h o r t  s u p p ly ,  a n d  sec o n d ly ,  e lem ents  which d i s r u p t  an y  metabolic 
fu n c tio n  a t  a p a r t i c u l a r  s i te  w hen  p r e s e n t  a t  a c o n c e n tra t io n  exceed ing  
a c r i t ic a l  v a lue  can  be  d i r e c te d  to, an d  s to re d  at, s i te s  w h ere  th e y  have  
no ill e f fec t  on th e  p la n t .  One o r  b o th  of th e se  m echanism s may expla in  
th e  o c c u r re n c e  of sim ilar c o n c e n tra t io n s  in bo th  sam ples in  c e r ta in  p la n t  
p a r t s .  T he  le v e l  of Fe  a n d  C u in  th e  u p p e r  s ta lk , Ail in  th e  leaf, Mn 
in th e  main s ta lk  a n d  Zn in th e  s e e d  h ead  a re  similar in b o th  samples
d e s p i te  d i f f e re n c e s  in  th e  o th e r  p la n t  p a r t s .  I t  may be  th a t  th e se  levels
r e p r e s e n t  th e  c o n c e n t ra t io n  r e q u i r e d  b y  the  p la n t  a t  t h a t  site , o r  th a t  
th e s e  a r e  th e  maximum to le ra b le  levels , f u r th e r  u p ta k e  b e in g  d ire c te d  
e lsew here  in th e  p la n t .
2. 9 T he  E ffec t  of A dd it io n  of Lime an d  O rgan ic  M atte r  to Spoil on 
th e  M ineral C o n te n t  of H e rb ag e  (F ie ld  T ria l)
To in v e s t ig a t e  th e  e f fec t  of lime an d  o rg an ic  m a t te r  add ition  on 
h e rb a g e  m ineral c o n te n t ,  a f ie ld  t r i a l  was se t  up  in  J u n e  1980 on a 
r e g r a d e d  coal b in g  (B aad s ,  L o th ian  Region) in con ju n c tio n  with
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Mr. J .  D evlin , A g r ic u l tu r a l  C h em is try  D ep ar tm en t,  Glasgow U n iv e rs i ty .
T h e  m a ter ia l  co n s is te d  of u n b u r n t  sh a le  a n d  coal w aste  w ith  
m ateria l  > 150 m .m . rem oved . T he a v e ra g e  pH o v e r  th e  t r ia l  a rea  was 
pH 2.6  an d  iro n  p y r i t e s  c o n te n t  0.51%.
2.10 M ateria ls  a n d  M ethods
2 .1 0 .1  Lime r e q u i r e m e n t
5g sam ples  of < 2 m.m. spoil w ere  w e ighed  in to  s ix  100 ml 
g la s s - s to p p e r e d  f l a s k s .  A dditions  of ap p ro x im a te ly  0.01N C a(O H )2 
( s t a n d a r d i s e d )  a n d  d e - io n ized  w a te r  w ere  made as  show n in Table 2 .2 .
T ab le  2 .2 . Volume of 0.01N C a (O H )-, an d  d e - io n iz e d  w a te r  a d d ed  to 
f la s k s  fo r  lime r e q u ire m e n t  d e te rm in a t io n
1 2 3 4 5 6
vo l.  0.01N C a (O H )2 (ml) 0 10 20 30 40 50
vol.  d e - io n iz e d  w a te r  (ml) 50 40 30 20 10 0
Each f la s k  was sh ak en  on a w r is t  s h a k e r  fo r  30 mins, the  pH 
of th e  su s p e n s io n  m e a su re d  and  a g r a p h  of pH a g a in s t  volume of 0 .0 IN 
C a (O H )2 a d d e d  was p lo t te d .  From th e  g raph ,  th e  volum e of C a(O H )2 
r e q u i r e d  to r a is e  th e  pH to 6 .2  ( s u i ta b le  fo r  a g r a s s / c lo v e r  sw ard ) was 
fo u n d  a n d  th e  lime re q u ire m e n t  calcu la ted , a s su m in g  t h a t  1 m illiequivalent 
of H p e r  lOOg spoil r e q u i r e s  1.12 to n n e s  C aC O ^ /h a  p lo u g h  la y e r .  The
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liming m a teria l  u s e d  was g ro u n d  lim estone  w ith  a n e u t ra l iz in g  v a lue  of 
46% (co m p ared  to  100% fo r  CaO) g iv ing  a g ro u n d  lim estone re q u ire m e n t  
of 25 t o n n e s / h a .
B a s e d  on th e  a ssu m p tio n s  t h a t  all of th e  iro n  p y r i t e s  in  th e  
spoil will e v e n tu a l ly  oxidise , an d  th a t  it  r e q u i r e s  4 to n n e s  g ro u n d  lime­
s to n e / h a  to n e u t r a l i s e  each  0.1% FeS^, th e  lime re q u ire m e n t  to in c lu d e  
an  allowance fo r  th i s  was ca lcu la ted  a t  ap p ro x im ate ly  50 to n n e s / h a .  Two 
liming r a t e s  w ere  th e r e f o r e  app lied  a n d  com pared  to  unlim ed p lo ts .
2 .1 0 .2  O rg an ic  am endm ents
To d e te rm in e  th e  e f fec t  of o rg an ic  m a tte r  in c o rp o ra t io n  in  th e
spo il on h e rb a g e  m ineral c o n te n t ,  th e  following m ateria ls  w ere  d isced  to
10 cm. Each am endm ent was a d d e d  a t  t h r e e  r a te s  an d  com pared  to 
25& 50T|ha 3 0 0 k g |h a
t r e a tm e n ts  w ith  lim e^and fe r t i l iz e :^  o n ly .
(a )  P ea t
P e a t  was a d d e d  a t  5, 10 a n d  20 to n n e s /h a
(b )  C h ic k en  m a n u re
C h ic k en  m an u re  mixed w ith  b e d d in g  l i t t e r  (wood s h a v in g s )  
was a d d e d  a t  1, 2 an d  4 to n n e s / h a
( c) Sew age s lu d g e
D ried  sew age  s lu d g e  cake  was a d d e d  a t  5, 10 a n d  20 to n n e s /h a
( d) A lg in u re
T h is  is  a commercial fo rm ula tion  su p p lie d  b y  Comtec (U .K .)  
L t d . ,  K ent, co n s is t in g  of gypsum  (C aSO ^), ca lc if ied  seaw eed  
a n d  a lg in u re  (a  seaw eed  h y d ro ly s a te )  in a ra t io  of 1 0 :1 .5 :1 .5  
a d d e d  a t  2.75, 5.5  an d  11.0 to n n e s /h a .
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2 .1 0 .3  F e r t i l iz e r
T he  e n t i r e  t r ia l  a re a  r e c e iv e d  300 k g / h a  of a 15:10:10,
N :P :K  com pound  fe r t i l i z e r .
2 .1 0 .4  S eed  m ix tu re
T he  s eed  m ix tu re  u s e d  was a g r a s s /  c lover  mix, a t  a r a t e  of 
120 k g / h a :
50% P e re n n ia l  r y e g r a s s  (Lolium p e r e n n e )
25% R ed  fe scu e  (F e s tu c a  r u b r a )
10% C ocksfoo t (D acty lis  g lo m e ra ta )
9% T im othy  ( Phleum p r a t e n s e )
6% White c lo v e r  ( Trifolium r e p e n s )
2 .1 0 .5  N um ber of p lo ts
T he  t r ia l  c o n s is te d  of t h r e e  random ized  b lo ck s  of 39 t re a tm e n ts ,  
in triplicate,
Each p lo t  m e a su re d  8m x  3m,^ th u s  g iv ing  117p lo ts .
F e r t i l iz e r  a n d  lime w ere in c o rp o ra te d  b y  d isc in g  to  20 cm, 
followed a f te r  7 d a y s  b y  th e  o rg an ic  am endm ents  w hich  w ere  l ig h t ly  
d isc e d  to  10 cm, w ith  th e  seed  b e in g  b ro a d c a s t  a f te r  a f u r t h e r  9 d a y s .
2 .1 0 .6  H erb a g e  sam pling
E leven  w eeks a f te r  sowing, sam ples w ere ta k e n  from each  p lo t 
b y  p la c in g  two h a l f - s q u a r e  m etre  f ram e s  a t  one m etre  from o p p o s ite  
c o r n e r s  of th e  p lo t .  Samples w ere  c u t  b y  h a n d  leav ing  a 5 cm s tu b b le ,  
p la ced  in  sea led  p o ly th e n e  b ag s  a n d  th e  y ie ld s  r e c o rd e d .
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2 .1 0 .7  Sample p r e p a r a t io n
All sam ples w ere  w ash ed  w ith  ru n n in g  tap  w a te r  to  rem ove 
a d h e r in g  spoil m ateria l  a n d  r in s e d  w ith  d e - io n ized  w a te r  (H a rg ro v e  et 
a l.  1985) . A r e p r e s e n t a t i v e  sample was ta k e n  from each  of th e  d u p lica te  
h a r v e s t s  from each  plot, d r ie d  a t  105°C in a fo rce  d r a u g h t  o ven  an d  
a s h e d  following th e  p r o c e d u r e  in Section  2 .6 .1 .
T he  e lem ents  ch o sen  fo r  s tu d y  w ere  Fe, A Z , Mn, Cu, Zn, due 
to th e i r  tox ic i ty  to p la n ts  a t  h ig h  c o n c e n tra t io n  an d  th e  p r e s e n c e  of 
h ig h  levels  in co llie ry  spoil (MacLean a n d  D e k k e r  1976, P u lfo rd  1976, 
Kimber 1982), Ca a n d  Mg to de te rm ine  th e  leve ls  of u p ta k e  a n d  ch a n g e s  
w ith  liming. Each  elem ent w as d e te rm in e d  b y  atomic a b s o rp t io n  s p e c t ro ­
ph o to m e try  u s in g  a P e rk in  Elmer model 370A.
2. H  RESULTS AND DISCUSSION
Due to th e  h e te ro g e n e o u s  n a t u r e  of th e  spoil, many p lo ts  
show ed p a tc h y  grow th , a n d  on ly  th o se  w hich  gave a y ie ld  in  b o th  half  
s q u a re  m e tre  sec tio n s  w ere  se le c te d  fo r  h e r b a g e  ana ly s is ,  t h u s  from a 
to ta l  of 117 t r e a tm e n t  p lo ts  on ly  82 gave  a r e c o rd e d  y ie ld .  Of th e  39 
t r e a tm e n ts  in th i s  s tu d y ,  22 gave  a y ie ld  in  each  of th e  t h r e e  rep l ica te  
areas,  7 gave  y ie ld s  in on ly  two a re a s  an d  2 t r e a tm e n ts  w e re  su c c e ss fu l  
in  only  one a re a ,  w ith  th e  rem ain ing  8 t r e a tm e n ts  g iv ing  no y ie ld .
Tab le  2 .3  show s th e  t r e a tm e n ts  w hich gave no r e c o r d e d  y ie ld .
T ab le  2 . 3 . T re a tm e n ts  g iv ing  no r e c o rd e d  y ie ld  in a n y  of th e  th re e
re p l ic a te  a re a s
Lime r a t e A m endm ent A m endm ent r a t e  ( to n n e s /h a )
0 - -
0 P ea t 5, 10, 20
0 C h ic k e n  m anure 1
0 A lg in u re 2.75
0 Sew age s lu d g e 5, 20
As T ab le  2 .3  shows, all of th e  u n s u c c e s s fu l  t r e a tm e n ts  w ere 
unlimed, in d ic a t in g  t h a t  spoil ac id ity  is  a major fa c to r  liming p la n t  
g ro w th  (MacLean a n d  D e k k e r  1976) .
In  o r d e r  to  d e te rm ine  w h e th e r  th e  two sam ples ta k e n  from 
each  p lo t w ere  r e p r e s e n t a t i v e  of th e  p lo t as  a whole, th e  co rre la t ion  
b e tw ee n  th e  le v e ls  of each  element in  th e  d u p l ic a te  sam ples was d e t e r ­
mined (T ab le  2 .4 ) .
T ab le  2 .5  show s th e  leve ls  of Fe , A£, Mn, Cu, Zn, Ca and  
Mg in th e  h e r b a g e  from each  tre a tm e n t  (82 p lo ts )  to g e th e r  w ith  h e rb a g e  
y ie ld  a n d  spoil pH . T h e  levels  of Fe, A£, Mn, Cu a n d  Zn in  th e  spoil 
(0.5M ace tic  a c id - e x t r a c ta b le )  a re  shown in T ab le  2 .6 .  I am in d e b te d  
to  Mr. J .  D evlin  fo r  h is  perm ission  to u s e  th e  spo il a n a ly s is  da ta  in 
th i s  s tu d y .
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T ab le  2 . 4 . C o rre la t io n  coeffic ien t and  s ig n if ican ce  of th e  re la t io n sh ip  
b e tw ee n  th e  leve ls  of each  elem ent in  th e  d u p lica te  samples 
from each  p lo t
E lem ent C o r re la t io n  coeffic ien t (n  = 82)
***
F e 0.955
***
Ail 0.950
***
Mn 0.990
*
C u 0.226
***
Zn 0.527
***
Ca 0.940
***
Mg 0.962
*
S ig n if ic a n t  a t  5% level 
S ig n if ic a n t  a t  1% level 
S ig n if ic a n t  a t  0.1% level
N ote . T h is  s ta t i s t ic a l  n o ta t ion  is  r e t a in e d  th r o u g h o u t  th is  th e s is  in 
re la t io n  to co r re la t io n  a n a ly s i s .
As th e  r e s u l t s  in  T ab les  2 .5  a n d  2 .6  show spoil pH, t r a c e  element 
c o n te n t ,  y ie ld  a n d  h e rb a g e  m ineral c o n te n t  v a r y  widely be tw een  rep lica te  
p lo ts  in  m any c a se s .  T h is  is  du e  to a n u m b e r  of f a c to rs ,  in c lu d in g  u n e v e n  
ap p l ica t io n  of lime an d  fe r t i l iz e r  an d  v a r ia b i l i ty  of spoil p ro p e r t i e s  ac ro ss  
th e  s i te .  A f u r t h e r  fac to r  to c o n s id e r  r e g a r d i n g  h e rb a g e  c o n te n t  is th e  
fa c t  th a t  th e s e  r e s u l t s  r e p r e s e n t  an  im m atu re  sw a rd  a f te r  only 11 weeks
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T ab le  2 .6 .  A cetic  a c id - e x t r a c ta b le  Fe, A£, Mn, C u  a n d  Zn in  spoil from
B a a d s  f ie ld  t r i a l  (n g ! g d r y  w eight)
Acetic a c id -e x t ra c ta b le  ( u g / g )
T re a tm e n t Fe A £ Mn Cu Zn
1 54 227 28 2.1 8.1
70 236 56 2.2 6.4
2 222 258 38 2.4 5.6
308 211 34 1.5 9.8
84 307 67 2 .4 10.7
3 272 340 54 4.2 8.3
4 176 359 42 3.0 7.7
100 254 28 0 .9 4.1
5 200 427 40 4.2 8.9
419 271 83 4 .5 5.8
6 347 308 92 1.8 9.2
222 149 64 3.3 3.9
59 124 66 1.8 3.9
7 78 152 49 1.5 11.3
54 227 28 2.1 3.8
42 64 84 1.5 4 .5
8 238 254 23 0.8 3.8
132 37 85 2.0 2.7
180 195 47 1.6 3.3
9 123 293 41 1.1 5.3
51 77 42 0.8 3.9
22 33 95 0 .9 3.6
10 110 184 . 77 0 .8 5.3
121 90 74 1.3 4.2
277 258 18 1.3 2.6
Table 2.6 ( c o n td . )
Acetic a c id -e x t r a c ta b le  ( n g / g )
T re a tm e n t Fe A£ Mn Cu Zn
11 220 49 66 1.0 6.5
331 81 72 1.8 3.6
96 112 77 0.6 7.9
12 154 75 71 0.7 2.7
18 31 87 1.7 15.8
107 344 93 1.5 9.3
13 71 142 34 2.1 12.7
9 6 109 1.8 1.3
71 162 77 1.1 12.9
14 233 170 71 1.2 3.0
118 119 47 1.1 5.0
78 135 54 1.7 4.1
15 208 401 51 2.1 6.9
99 62 66 0.9 3.5
93 189 82 0.6 6.2
16 118 97 44 0.9 5.6
99 47 49 0.8 3.4
17 316 140 19 1.3 3.4
55 67 88 1.6 4.9
55 85 82 1.7 6.7
18 210 92 52 1.1 4.6
51 27 92 1.8 6.2
113 123 62 1.1 7.0
19 103 92 40 1.3 5.4
152 111 82 1.2 2.6
27 142 91 1.4 2.5
20 128 83 32 0.8 2.5
154 131 49 1.3 3.4
Table  2.6 ( c o n td . )
T re a tm e n t
Acetic a c id -e x t r a c ta b le  ( n g / g )
Fe M Mn Cu Zn
21 425 48 36 0.5 1.7
742 140 65 3.5 2.3
62 74 84 0.7 5.7
22 12 16 73 1.6 1.8
121 116 31 0.7 3.0
8 44 93 2.3 4.5
23 73 53 73 2.0 4.8
35 29 80 1.0 2.5
24 62 84 59 1.4 3.6
25 119 199 42 1.2 5.8
59 56 31 0.8 5.4
5 18 113 1.2 11.8
26 126 154 71 1.1 5.2
181 142 42 1.4 2.7
38 72 85 1.3 4.9
27 121 40 45 0.7 2.2
71 76 66 1.4 3.6
7 17 98 1.5 2.5
28 179 94 54 1.1 4.0
18 10 118 2.1 1.7
8 7 94 16.5 1.5
29 166 80 54 0.8 2.9
427 100 81 4.3 3.5
13 35 98 2 .4 7.3
30 50 66 71 1.9 4.8
242 140 45 2.3 3.8
31 182 174 53 1.0 3.4
69 84 69 1.2 4 .4
46 121 75 1.0 6.3
g ro w th ,  a t  w hich s ta g e  d i f fe re n c e s  a r is in g  as a d i r e c t  r e s u l t  of t r e a tm e n ts  
may n o t  show up  d u e  to v a r ia t io n s  in  spoil p r o p e r t i e s .  F or th i s  r e a so n  
i t  was fe lt  in a p p ro p r ia te  to a v e ra g e  th e  r e s u l t s  of re p l ic a te  p lo ts  an d  
th e r e f o r e  th e  d iscu ss io n  of r e s u l t s  is b a se d  on 82 s e p a ra te  p lo t s .
2 .1 1 .1  H erb ag e  iro n  c o n te n t
T he level of iro n  in  th e  h e rb a g e  ( Fe ( h e r b a g e ) )  r a n g e s  from 
217-2179 l-ig/g, w ith  spoil leve ls  co v e r in g  th e  r a n g e  5-742 u g / g .  Acetic 
e x t r a c ta b le  Fe is  s ig n if ican t ly  n e g a t iv e ly  c o r re la te d  with spoil pH 
( r  = “ 0.413 ) in  ag ree m en t  w ith  soil an a ly se s  (R usse ll  1973, K u n ish i  1982),
b u t  u p ta k e  b y  th e  h e rb a g e  is  n o t  r e la te d  to th e  level of Fe in th e  spoil 
( r  = 0 .001), n o r  is h e rb a g e  c o n te n t  a f fec ted  by  spoil pH (F ig .  2 .7 , r  = 0 .005).  
H ow ever, b y  ta k in g  only  th o s e  samples with Fe (h e rb a g e )  < 1000 i-ig/g 
(n  = 75) th e r e  e x is t s  a n e g a t iv e  c o rre la t io n  s ig n if ican t  a t  th e  1% level 
b e tw ee n  pH an d  Fe (h e rb a g e )  ( r  = -0 .3 2 1 ) .  This  r e s u l t  a g r e e s  w ith  th e  
f in d in g s  of Kimber (1982) who fo u n d  levels  of Fe in common b e n t  
(A g ro s t i s  t e n u i s ) grow ing  on spoil with pH < 4 many times g r e a t e r  th a n  
p la n ts  on spoil w ith pH > 4. Tab le  2. 7 shows se lec ted  d a ta  fo r  th o s e  
sam ples w ith  Fe ( h e r b a g e )  < 1000 u g / g .
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T able  2 . 7 . C o rre la t io n  of h e rb a g e  Fe c o n ten t ,  spoil pH , y ie ld  a n d  acetic  
e x t ra c ta b le  F e  in spoil fo r  th o se  samples w ith  Fe (h e rb a g e )
< 1000 n g / g
**
pH v Fe (h e rb a g e ) r  = -0 .3 2 1
***
pH v Fe (spoil) r  = -0 .4 0 2
pH v y ie ld r  = o . m 11,3.
Fe (spo il)  v  Fe (h e rb a g e ) r  = 0.135n , S *
n „ s .  = n o t  s ig n if ic a n t .
As Tab le  2 .7  shows, low spoil pK le ad s  to an  in c re a s e  in Fe (h e rb a g e )  
w hich  is  no t,  h ow ever ,  s ig n if ic a n t ly  r e la te d  to the  in c re a s e  in Fe (spoil)  
w ith  in c re a s in g  acidity, d u e  to  th e  fac t  th a t  spoil leve ls  ex ce ed  p la n t  
r e q u i r e m e n ts  a n d  will n o t  be lim iting to p la n t  g row th .  I t  may be  th a t  
r e d u c e d  Fe u p ta k e  a t  h ig h e r  pH is  due  to in te r f e re n c e  from h ig h  levels  of 
c a rb o n a te  an d  b ic a rb o n a te  w ith  lime add ition  ( Woolhouse 1966).
T h e re  is a n o n - l in e a r  re la t io n sh ip  be tw een  y ie ld  r e d u c t io n  and  Fe 
u p ta k e  (F ig .  2 .8 ) .  Fe u p ta k e  r e d u c e s  y ie ld  a t  all levels , most dram atica lly  
w hen Fe (h e rb a g e )  e x c e e d s  500 n g / g .  B y p lo t t in g  th e  log a ri th m  of each 
p a ra m e te r  a re la t io n sh ip  is  fo u n d  w hich is s ig n if ican t  a t  th e  0.1% level 
(F ig .  2 .9 ,  r  = -0 .392 )  . I t  is  im possible  to draw  conclusions  on th e  e f fec t 
of Fe  alone on y ie ld  as t h e r e  a r e  m any o th e r  fa c to rs  w hich  h a v e  as g re a t  
an  e f fe c t ,  as  d is c u s s e d  in l a te r  sec tions ,  a l th o u g h  c lea r ly  Fe u p ta k e  has  a 
s t r o n g  in f lu en ce  in r e s t r i c t i n g  p la n t  g ro w th .
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Figure 2.7. Relationship between spoil pH and herbage iron content.
Y
IE
L
D
( 
K
g
|h
a
)
89
600
400
*  *
200
2 *  *
* *
*  *
0 15001000500 2000
HERBAGE I R O N  C O N T E N T  (}ig|g)
Figure 2.8. Relationship between herbage iron content and yield.
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2 .1 1 .2  H e rb a g e  aluminium co n ten t
A lth o u g h  aluminium is no t e s s e n t ia l  fo r  p la n t  grow th, fa i lu re  of 
c ro p s  d u e  to  Ail to x ic i ty  is  a major problem  on acid  soils , cau s in g  r e s t r i c t e d  
ro o t  g ro w th  a n d  r e d u c e d  p h o s p h o ru s  u p ta k e  (H allsw orth  et a l . 1957, B ra d y  
1974, K u n ish i  1982). H erb ag e  Ail co n te n t  r a n g e s  from 120-3026 n g /g  in  
th e  t r ia l ,  w ith  spoil leve ls  of 6-427 | ig /g  b e in g  fo u n d .
As is th e  case  with  Fe, th e  level of ace tic  e x t ra c ta b le  Ail in th e  
spoil i s  s t r o n g ly  in f lu e n c e d  by  spoil pH ( r  = -0 .7 1 3  ) a l th o u g h  spoil
le v e ls  do n o t  in f lu e n c e  h e rb a g e  u p ta k e  ( r  = 0 .0 2 5 ) .  T he  in c re a s e  in Ail 
( h e r b a g e )  a t  low er pH r e p o r te d  b y  Kimber (1982) was n o t  fo u n d  in  th is  
s tu d y  (F ig .  2.10, r  = -0 .0 9 9 ) .  T h e re  is  a r e d u c t io n  in p la n t  y ie ld  due to 
Ail u p ta k e  (F ig .  2 .1 1 ) ,  w ith  y ie ld  d e c re a s in g  m arked ly  w hen Ail (h e rb a g e )
> 600-700 u g / g • F ig .  2.12 shows log Ail ( h e rb a g e )  p lo t te d  a g a in s t  log 
y ie ld  ( r  = - 0 .  437 ) „
2 .1 1 .3  R e la tio n sh ip  be tw een  h e rb a g e  Fe a n d  Ail co n ten t
T h e  lev e ls  of acetic  e x t ra c ta b le  Fe an d  Ail in th e  spoil, b o th  
s t r o n g ly  in f lu e n c e d  b y  pH, a re  closely r e la te d  ( r  = 0.358 ) ,  an d  a l th o u g h
n e i th e r  show an y  r e la t io n s h ip  w ith p la n t  u p ta k e  t h e r e  is  a s t r o n g  
c o r re la t io n  w h ich  is  u n a f fe c te d  b y  lime a n d  o rg an ic  am endm ents be tw een  
th e  le v e ls  of th e s e  e lem ents  in  th e  h e rb a g e  (F ig .  2.13, r  = 0.770 ) -
T ab le  2 .8 .
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Figure 2.10. Relationship between spoil pH and herbage aluminium 
content.
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T able  2. 8 . S ign if icance  of th e  co rre la t io n  coe ff ic ien t  be tw een  Fe a n d  Ail 
le v e ls  in spoil and  h e rb a g e
T re a tm e n t No. of p lo ts H e rb a g e  Fe v Ail Spoil Fe v Ail
All t r e a tm e n ts 82 *** ***
Unlimed p lo ts 10 ** n . s .
25 t o n n e s / h a  lime 38 *** **
50 to n n e s /  h a  lime 34 *** *
P ea t  a d d e d 17 *** n . s .
C h ic k e n  m a n u re  a d d e d 20 ** n .  s .
A lg in u re  a d d e d 21 *** ***
Sew age s lu d g e  a d d e d 18 *** n . s .
A s T ab le  2.8 shows, v a r ia t io n s  in th e  level of Fe an d  A£ in th e  
spoil a r e  n o t  r e f le c te d  in th e  herbage , th e  re la t io n sh ip  w ithin  th e  p la n t  
b e in g  in d e p e n d e n t  of th e  spoil le v e ls .  In  o r d e r  to maintain th e  b a lance  
in th e  p la n t  th e s e  elem ents  must be ta k e n  up  in  eq u iv a len t  am ounts from 
th e  spo il  so lu tion  b y  a re g u la to ry  system  w hich  is  se lec tive  w hen th e y  a re  
n o t in  b a la n c e  in  th e  spoil.
2 .1 1 .4  H e rb a g e  m anganese  co n ten t
H e rb a g e  m anganese  co n te n t  r a n g e s  from 98-306 M-g/g, w ith  acetic  
e x t r a c ta b l e  leve ls  in  th e  spoil of 18-118 j i g / g .  F ig .  2.14 shows th e  
v a r ia t io n  in  Mn (h e rb a g e )  w ith pH, an d  a l th o u g h  th e re  is  no s ig n if ican t  
c o r re la t io n  o v e r  all p lo ts  ( r  = 0.074), t h e r e  is a gen era l  t r e n d  of h ig h e r
97
Mn ( h e r b a g e )  v a lu e s  a t  h ig h e r  pH -  b y  om itting th o se  v a lu es  of Mn 
( h e r b a g e )  > 300 u g / g  th e  co rre la t io n  is  s ig n if ican t  a t  th e  5% leve l 
(n  = 80, r  = 0.276 ) .
T he  b e h a v io u r  of Mn in th e  spoil c o n t r a s t s  w ith th a t  of th e  o th e r  
t r a c e  e lem en ts  s tu d ie d  in t h a t  th e  level of acetic  e x t ra c ta b le  Mn in c re a s e s  
w ith  pH, b e in g  p o s i t iv e ly  c o r re la te d  a t th e  0.1% level o ver  all p lo ts  
(n  = 82, r  = 0 .5 5 1 ) .  T h is  is  in  c o n t ra s t  to spoil da ta  of MacLean a n d  
D e k k e r  (1976) a n d  soil d a ta  of K unish i ( 1982) who found  an in c re a s e  in 
spoil/ soil lev e ls  a t  low er pH, while many w o rk e rs  h ave  r e p o r te d  h ig h e r  
p la n t  Mn c o n te n t  a t  low er pH (M cN aught an d  D orofaeff  1973, D ick e t  al.
1985) . P u lfo rd  e t  a l .  ( 1982) s tu d ie d  sev en  colliery spoil s i te s  in th e  
C e n t r a l  S c o t t ish  coalfie ld  a n d  fo u n d  a s ig n if ican t  pos itive  c o r re la t io n  
( a t  0.1% level) b e tw een  Mn (spo il)  an d  pH, as d id  Cornwell a n d  S tone  
(1973) a n d  Down (1975) w o rk in g  with spoils  of P en n sy lv an ia  a n d  S om erse t 
r e s p e c t iv e ly .
R elease  of Mn to  so lu tion  from th e  acid b reakdow n  a n d  
d is so lu tio n  of p r im a ry  M n-con ta in ing  m inerals u n d e r  oxd is ing  cond it ions  
le a d s  to th e  form ation  of h y d r o u s  m anganese  ox ides  (K im ber 1982, P u lfo rd  
e t  a l .  1982), u n r e a c te d  so lu tion  Mn be ing  leached  from th e  spo il .  As a 
r e s u l t  t h e r e  is n o t  a l a rg e  pool of acetic  e x t ra c ta b le  Mn p r e s e n t  in th e  
spoil,  a n d  th i s  e x p la in s  th e  lack  of co rre la t io n  betw een  Mn ( h e r b a g e )  and  
Mn (spo il)  ( r  = 0.169) . Mn ox ides  in soils a re  know n to ex is t  in m any more 
form s th a n  i ro n  an d  aluminium oxides, in c lu d in g  m ixed -va lence  oxides, 
some of w hich  a re  ace tic  e x t ra c ta b le  an d  may be able to su p p ly  Mn to p la n ts .  
T h is  a c c o u n ts  fo r  th e  fa c t  t h a t  Mn (h e rb a g e )  a n d  spoil pH a re  pos it iv e ly  
c o r r e la te d .
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Mn u p ta k e  r e d u c e s  p la n t  yield , p a r t i c u la r ly  w hen Mn (h e rb a g e )  
> 100 p g / g  (F ig .  2 .1 5 ) .  B y p lo t t in g  th e  loga ri thm s of Mn ( h e r b a g e )  
a g a in s t  y ie ld  th e  re la t io n sh ip  is s ig n if ic a n t  a t  th e  1% level ( r  = -0 .3 4 0 )  
(F ig .  2 .1 6 ) .
2 .1 1 .5  H erb ag e  co p p e r  an d  zinc c o n te n t
T he  lev e ls  of c o p p e r  an d  zinc fo u n d  in  spoil a n d  h e r b a g e  a r e  :
Element Spoil (pg/ g) H erb ag e  (p g/ g)
Cu 0 .5 -1 6 .5 12-62
Zn 1 .3 -1 5 .8 39-351
N e ith e r  elem ent show s a n y  s ig n if ican t  co rre la t io n  w ith  spoil pH 
o r  h e rb a g e  y ie ld ,  a l th o u g h  some w o rk e rs  h av e  r e p o r te d  a r e d u c t io n  in 
h e r b a g e  c o n te n t  th r o u g h  in c re a s in g  soil pH b y  liming (B row n a n d  J u r in a k  
1964, B lack 1968).
S tu c k y  e t al. ( 1980) fo u n d  th a t  p h y to to x ic  e f fe c ts  w ere  in d u c e d  
in  p e re n n ia l  r y e g r a s s  ( Lolium p e r e n n e ) grow n on acid mine spoil b y  C u 
a n d  Zn when th e  h e rb a g e  c o n te n t  e x ce ed ed  20 jig/ g a n d  200 p g/ g 
r e s p e c t iv e ly ,  while C unn ingham  e t a l . ( 1975) r e p o r te d  a y ie ld  r e d u c t io n  a t  
23 p g / g  Cu a n d  289 p g / g  Zn. In  th e  p r e s e n t  s tu d y  th e  le v e ls  of C u  
( h e rb a g e )  ex ceed  th a t  q u o te d  as  b e in g  po ten tia l ly  p h y to to x ic  in m any 
c a se s ,  while Zn ( h e rb a g e )  lev e ls  ex ce ed  200 p g/ g in only 4 p lo ts ,  most 
sam ples h a v in g  v a lu e s  < 100 p g/ g, th e re fo re  Zn tox ic ity  is  n o t  l ike ly  to  be  
a problem  in th is  c a se .
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T h e re  is  a r e la t io n s h ip  w ith in  th e  p lan t,  w h ich  is  u n a f f e c te d  b y  
spoil pH, b e tw een  th e  le v e ls  of C u  a n d  Zn (T ab le  2 .9 ,  F ig .  2 .17), 
a l th o u g h  th e r e  is no  re la t io n s h ip  b e tw ee n  th e  ace tic  e x t r a c ta b l e  lev e ls  of 
th e s e  elem ents  in  th e  spoil ( r  = 0 .089 ).
T ab le  2 .9 .  C o r re la t io n  b e tw ee n  h e rb a g e  Cu an d  Zn lev e ls
Zn (h e rb a g e ) No. of p lo ts C o rre la t io n  coeff ic ien t
All d a ta 82 0 . 181n * S *
*
< 170 n g / g 75 0.261
***
< 160 n g / g 74 0.380
N o te . F o r  all v a lu e s  of Zn ( h e r b a g e )  < 160 p. g /g  th e  Cu ( h e r b a g e )  v  
Zn ( h e rb a g e )  re la t io n s h ip  rem ains  s ig n if ic a n t  a t  th e  0.1% level.
T he  r e s u l t s  in T ab le  2. 9 show th a t  th e r e  is  a r e la t io n s h ip
b e tw een  Cu a n d  Zn u p ta k e ,  u p  to  a leve l of Zn ( h e r b a g e )  of 160 g g /g ,
above w hich t h e r e  may b e  in te r f e r e n c e  w ith  Cu u p ta k e  o r  s u b s t i tu t io n  
2 + 2 +of Zn for Cu in m etabolic r e a c t io n s .  R ed u c t io n  of C u u p ta k e  b y  
Zn h as  b een  r e p o r t e d  b y  C h a u d h r y  an d  L o n e re g an  (1970) a n d  L o n e re g a n  
(1975), while C h a u d h r y  a n d  L o n e re g a n  (1972) fo u n d  th a t  Cu r e d u c e d  
u p ta k e  of Zn, a l th o u g h  no  s u c h  re la t io n s h ip  was fo u n d  in  th i s  s t u d y .
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Figure 2.17. Relationship between herbage copper and zinc content.
2 .1 1 .6  H e rb a g e  calcium  an d  m agnesium  c o n te n t
H e rb a g e  calcium  lev e ls  r a n g e  from  2566-9097 p. g/ g, w ith  
m agnesium  le v e ls  of 959-2023 jj. g/ g b e in g  fo u n d . A d d itio n  of lime to  th e  
spoil in c re a s e s  C a (h e rb a g e )  in  most c a se s  in  a g ree m en t w ith  Wear (1956) 
a n d  K u n ish i (1982) , how ever, th e re  is no f u r th e r  in c re a s e  w hen com paring  
th e  le v e ls  of C a in  th e  h e rb a g e  from p lo ts  re c e iv in g  25 to n n e s  lim e/ha  w ith  
th o se  re c e iv in g  50 to n n e s /h a .
T h e re  is  a p o s itiv e  c o rre la tio n , s ig n if ic a n t a t th e  0.1% level 
b e tw ee n  spo il pH a n d  Ca (h e rb a g e )  (F ig . 2 .18, r  = 0.419) (D ick e t al. 1985), 
h o w ev e r, w hen  c o n s id e r in g  only  th o se  p lo ts  re c e iv in g  lime, no su ch  
re la tio n sh ip  e x is t s  (T a b le  2 .1 0 ). C o s tig a n  e t a l. (1982) re p o r te d  th a t  
h e rb a g e  y ie ld  w as s ig n if ic a n tly , p o s itiv e ly  c o r re la te d  w ith  th e  level of b o th  
Ca (h e rb a g e )  a n d  Mg (h e rb a g e )  in  lim ed spo il a lth o u g h  th is  re la tio n sh ip  
was n o t fo u n d  h e r e .  T h ese  w o rk e rs , how ever, fo u n d  co n s id e ra b ly  h ig h e r  
le v e ls  of Ca a n d  Mg in  th e  h e rb a g e  (C a 20, 000-50, 000 gg/ g, Mg 3, 000-6, 000 
lig /g )  a s  a r e s u l t  of ad d itio n  of m agnesian  lim estone a t r a te s  of up  to 100 
to n n e s /h a .
O v e r all th e  p lo ts, h e rb a g e  Ca an d  Mg le v e ls  a re  closely  a sso c i-  
a te d  (F ig . 2.19, r  = 0.352 ) , th is  re la tio n sh ip  b e in g  in d e p e n d e n t of spoil
pH. (T a b le  2 .1 0 ) .
T ab le  2 .1 0 . R e la tio n sh ip  be tw een  h e rb a g e  Ca an d  Mg c o n te n t an d  spo il pH
C a (h e rb a g e )  v  M g (h e rb ag e ) C a (h e rb a g e )  v  pH M g (h erb ag e) v  pH
All d a ta  (82) 0.352 
Lim ed p lo ts  (72) 0.506
***
0.419
0.136n , S -
-0 .1 2 4 n ,S *
-0 .0 2 7 n ,S *
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Figure 2.18. Relationship between spoil pH and herbage calcium
content.
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T h e  le v e l of Ca in  th e  h e rb a g e  is  g e n e ra lly  4-5  tim es g re a te r  th a n  
Mg (h e rb a g e )  (T a b le  2 .5 ) .  Ca is  r e q u ir e d  b y  p la n ts  as  a c o n s ti tu e n t of 
th e  cell wall w hile  Mg is  a major ion of th e  c h lo ro p h y ll m olecule , e s se n tia l 
fo r  cell fu n c tio n  a n d  p la n t  grow th, th e re fo re  an  in c re a s e  in  p la n t y ie ld , 
w hich  is  a r e s u l t  of an  in c re a s e  in  cell wall p ro d u c tio n  a n d  a sso c ia te d  
c h lo ro p h y ll p ro d u c tio n , m ust ra is e  Ca an d  Mg le v e ls  to g e th e r  in th e  p la n t.
2 .12 M ineral I n ta k e  of A nim als G razing  on C o llie ry  Spoil
T ab le  2 .11  show s th e  maximum to le ra b le  le v e ls  of d ie ta ry  Fe, AJI, 
Mn, C u, Zn, C a a n d  Mg fo r ca ttle  an d  sh e e p , to g e th e r  w ith  th e  ra n g e  
fo u n d  in  th e  h e rb a g e  in  th is  s tu d y  (un lim ed  a n d  lim ed p l o t s ) .
T ab le  2 .1 1 . Maximum to le rab le  lev e ls  of d ie ta ry  F e , A I, Mn, Cu, Zn, Ca 
a n d  Mg a n d  le v e ls  fo u n d  in  h e rb a g e
Elem ent
*
C a ttle (u g / g)
*
Sheep  (u g/ g) H e rb a g e  c o n te n t(u g /g )
Fe 1, 000 500 217-2 ,179
A l 1, 000 1, 000 120-3,026
Mn 1, 000 1, 000 98-306
C u 100 25 12-62
Zn 500 300 39-351
Ca 20, 000 20, 000 2, 566-9, 097
Mg 5,000 5, 000 959-2, 023
* D ata from  N ational R e se a rc h  C ouncil (U n ite d  S ta te s )  (1980)
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T h e re  a r e  m any fa c to rs  w hich  d e te rm in e  th e  am ount of each  
m ineral ta k e n  up  b y  th e  g raz in g  anim al from  th e  fo ra g e . T he  s ta g e  of 
m a tu r ity  of th e  p la n t  as  well as th e  form  o f th e  elem ent in  th e  p la n t, 
an d  th e  c o n c e n tra tio n  of o th e r  e s se n tia l a n d  n o n -e s s e n tia l  e lem en ts a ffe c t 
th e  an im al's  d ig e s t iv e  t r a c t  and  i t s  a b ility  to  a b so rb  each  elem ent. 
F u r th e rm o re , th e  p h y s io lo g ica l s ta te  of th e  anim al an d  i t s  n u tr i t i t io n a l  
s ta tu s  will a lso  in f lu e n c e  th e  level a t w hich  an  elem ent will cau se  a d v e rs e  
e f fe c t .
As T ab le  2 .11  show s th e re  may be  cau se  fo r co n ce rn  in some 
cases  if  an im als w e re  g ra z e d  solely  on h e rb a g e  grow n on reclaim ed  
co llie ry  sp o il, p a r t ic u la r ly  in  th e  c a se s  o f Fe, A £ an d  C u in  sh e e p .
I t  is  e s tim a te d  th a t  g raz in g  anim als may ta k e  o v e r  10% of th e ir  
d ry  m a tte r  in ta k e  a s  soil (N ational R e se a rc h  C ouncil 1980) a n d  th is  
fa c to r  m ay b e  of g r e a te r  im portance  in  a spo il s itu a tio n , due  to  h ig h  
le v e ls  of t r a c e  e lem en ts  in  sp o ils .
A lth o u g h  no  co n clu sions  can  b e  d raw n  from  th e  d a ta  p re s e n te d  
in  th is  w ork  c o n c e rn in g  m ineral in ta k e  b y  g ra z in g  s to c k  th e  p o ss ib ili ty  
e x is ts  th a t  an im als m ay s u f fe r  m ineral im balance o r to x ic ity  if  g ra z e d  fo r 
p ro lo n g e d  p e r io d s  on p a s tu re ,  an d  fe d  h a y  o r s ila g e  g row n on rec la im ed  
s p o il .
2.13 Summary
T h e  le v e ls  of ace tic  a c id -e x tra c ta b le  Fe an d  A £ in  th e  spoil 
a re  r e d u c e d  a t h ig h e r  pH a lth o u g h  h e rb a g e  c o n te n t is n o t r e la te d  to  
spo il le v e ls . F o r th o se  sam ples w ith  Fe (h e rb a g e )  < 1000 u g /g  th e r e  is  
a re d u c t io n  in  Fe u p ta k e  a t h ig h e r  pH, p o ss ib ly  d u e  to  in te r f e r e n c e  b y  
c a rb o n a te  a n d  b ic a rb o n a te  from  u n re a c te d  lim e. O ver all p lo ts  th e re  is  
a s ig n if ic a n t c o rre la tio n  b e tw ee n  F e a n d  A £ in  th e  h e rb a g e , th is  
re la tio n s h ip  e x is t in g  r e g a rd le s s  of lime an d  o rg an ic  m a tte r  tre a tm e n ts  
an d  in d e p e n d e n t of v a r ia tio n s  in  ace tic  a c id -e x tra c ta b le  le v e ls  in  th e  
sp o il. B o th  elem en ts re d u c e  y ie ld  a t  all leve ls , most s ig n if ic a n tly  w hen 
Fe > 500 u g /g  an d  Ail > 600-700 u g / g .
In  c o n tra s t  to  o th e r  t r a c e  e lem en ts  s tu d ie d  Mn le v e ls  in  th e  
spo il in c re a s e  a t h ig h e r  pH a n d  a l th o u g h  th e re  is  no c o rre la tio n  b e tw een  
spo il a n d  h e rb a g e  levels , spo il pH a n d  Mn (h e rb a g e )  a re  also  p o s itiv e ly  
c o r re la te d .  Mn re d u c e s  y ie ld  a t  all le v e ls , m ost m arked  w hen  Mn > 100 
U g /g -
C u a n d  Zn le v e ls  in  th e  p la n t  show  no c o rre la tio n  w ith  spo il 
pH o r h e rb a g e  y ie ld  a lth o u g h  th e ir  u p ta k e  is  c losely  a s so c ia te d  u p  to  a 
lev e l of Zn (h e rb a g e )  of 160 ug/ g , above  w hich  th e re  m ay b e  in te r fe re n c e  
w ith  C u  u p ta k e .
Ca (h e rb a g e )  is  in c re a s e d  b y  lim ing an d  is  s ig n if ic a n tly  
c o r re la te d  w ith  pH b u t  no s u c h  re la tio n s h ip  e x is ts  fo r Mg, d e s p ite  th e  
lev e ls  of th e se  elem ents in  th e  p la n t b e in g  c losely  r e la te d .
T h e  prob lem  of t r a c e  elem ent im balance in anim als g ra z in g  on 
co llie ry  spo il is  an  a sp e c t w hich  r e q u ir e s  a tte n tio n , an d  may a l te r  a t 
la te r  h a rv e s ts ,  b u t  e a r ly  in d ic a tio n s  a re  th a t  th e re  may be a problem  
due to  Fe, Ail a n d  Cu in  sh e e p .
CHAPTER 3
SPOIL PHOSPHORUS STATUS AND FACTORS A FFECTING 
PHOSPHATE ADSORPTION BY SPOIL
3 .1  INTRODUCTION
A fte r  n i t ro g e n ,  p h o s p h o ru s  is  th e  elem ent m ost r e s t r ic t iv e  to  
p la n t  g ro w th  in  soil (T hom pson  a n d  T ro e h  1973) an d  co llie ry  spo il 
(Gemmell 1977, B loom field e t a l. 1982). W hereas n i t ro g e n  le v e ls  can  b e  
r a is e d  b y  th e  in c lu s io n  of legum es among th e  sp ec ie s  g ro w n , no su ch  
b io log ical a id  is  av a ilab le  fo r  p h o s p h o ru s  ad d itio n . H ow ever, th e  fixa tion  
of n i t ro g e n  b y  legum es is  g o v e rn e d  to  a la rg e  e x te n t b y  th e  su p p ly  of 
p h o s p h o ru s  in  th e  soil (P alm er a n d  Iv e rs o n  1983, Hue a n d  Adam s 1984), 
th e r e f o r e  soil p h o s p h o ru s  ta k e s  on a ro le  more im p o rtan t th a n  sim ply 
th a t  of a p la n t n u t r i e n t  p e r  s e .
Low le v e ls  of p la n t av a ilab le  p h o s p h o ru s  h av e  b e e n  fo u n d  to  
be  a m ajor in h ib ito ry  fa c to r  to  p la n t  g ro w th  in  m any s itu a tio n s ; in  acid  
so ils  (H su  1964, H ay n es  1982), m e ta llife ro u s  mine w aste  (B e rg  e t al. 
1975), C h ina  clay  w aste  (May e t a l. 1973) an d  co llie ry  spo il (P u lfo rd  
1976, B ra d sh a w  a n d  C hadw ick  1980, Palm er an d  Iv e rso n  1983), th e  
c h a r a c te r i s t ic s  of p h o s p h o ru s  d e fic ien cy  b e in g  a s tu n te d  ro o t system  
an d  re d u c tio n  in  to p  g ro w th . U nam ended co llie ry  spoil will u su a lly  
s u p p o r t  a s p a r s e  v e g e ta tio n  co v e r w hich  is  m a in ta ined  on ly  if n u tr ie n ts  
a re  su p p lie d  th ro u g h  m ineral w ea th e rin g  a n d  ra in fa ll. H ow ever, in 
o rd e r  to  ach iev e  a n d  m ain ta in  a re a so n a b le  c o v e r , n u t r i e n t s ,  n o tab ly
n itro g en  and  p h o sp h o ru s , m ust be added  as fe r til iz e r .
3.2  Soil P h o s p h o ru s  C y c le
F ig u re  3 .1  show s th e  soil p h o s p h o ru s  cyc le  in  a sim plified
form
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F ig . 3 .1 . Soil p h o s p h o ru s  cycle
D isso lv ed  p h o sp h a te , ava ilab le  fo r  p la n t u p ta k e , e x is ts  in
2 -th e  soil m ainly a s  a n d  HPO^ , th e  p ro p o r tio n  p r e s e n t  in  th e se
two form s d e p e n d in g  on th e  soil pH ; a t pH 7.2  p h o sp h a te  in so lu tion
o ccu rs  eq u a lly  in  b o th  fo rm s, w hile th e  ^ P O ^  ion is  dom inan t below 
2 -
th is  pH a n d  HPO^ dom inates u n d e r  more alkaline  c o n d itio n s . I t  is  
es tim a ted  th a t  th e  p ro p o r tio n  of th e  TOTAL p h o sp h o ru s  c o n te n t of a 
soil w hich  is  in  so lu tio n  is  app ro x im ate ly  0.1% (T a lib u d e e n  1957, D onahue 
e t a l. 1971) n o t all of w hich  may be im m ediately ta k e n  up  b y  p la n ts  due 
to com petition  from  soil m icroorgan ism s and  le ach in g  lo s se s .
Q  In o rg an ic  p h o sp h o ru s  compounds D isso lved  p h o sp h o ru s
In o rg a n ic  p h o s p h o ru s  com pounds in  so il, m ainly i ro n ,  alum inium  
a n d  calcium  com pounds in c lu d e :
M onocalcium  p h o s p h a te  C a C H ^ O ^ ^
D icalcium  p h o sp h a te  CaHPO^
T rica lc iu m  p h o sp h a te  Ca^CPO^)^
O ctacalc ium  p h o sp h a te  C a^H (P O ^)^
H y d ro x y  a p a t i te  Ca^Q(PO^) ^(O H ) ^
F lu o ra p a t i te  Ca-^Q(PO^)^F2
S tr e n g i te  F e P O ^ .Z ^ O
V a r is c ite  A JIPO ^^H ^O
T h e  s im p le r calcium  p h o sp h a te  com pounds su c h  as th e  mono- 
a n d  d i-ca lc iu m  p h o s p h a te s  a re  th e  m ost so lu b le  of th e se  com pounds a n d
th e re fo re  th e  m ost re a d ily  ava ilab le  to  p la n ts .  H ow ever, e x c e p t in
re c e n tly  fe r t i l iz e d  so ils , th e se  com pounds a re  p r e s e n t  in  ex trem ely  small 
am oun ts  s in ce  th e y  a re  easily  c o n v e r te d  to th e  m ore in so lu b le  calcium  form s, 
I ro n  a n d  alum inium  p h o sp h a te s  in soil e x h ib it maximum s ta b ility  u n d e r  
ac id  c o n d itio n s , a n d  s in ce  S co ttish  co llie ry  spo il is  alm ost in v a ria b ly  acid  
i t  can  b e  a ssu m e d  th a t  th e se  com pounds c o n tr ib u te  l i ttle  p h o s p h o ru s  to  
p la n ts .  In  o rd e r  to  e s ta b lish  a p la n t c o v e r , th e re fo re ,  p h o s p h o ru s  m ust 
be  a d d e d  to  th e  sp o il. H ow ever, ad d itio n  of p h o s p h o ru s  in  a re a d ily  
av a ilab le  form  do es n o t overcom e th e  problem , s in ce  re a c tio n  of th e  a d d ed  
p h o s p h o ru s  w ith  spo il g re a tly  re d u c e s  th e  am oun t w hich  is ava ilab le  fo r 
p la n t u p ta k e .
In  ac id  m ineral soils iro n  an d  alum inium  io n s p r e s e n t  in so lu tion  
re a c t  w ith  th e  so lu b le  anionic form s of p h o sp h a te , r e s u lt in g  in  th e  form ation
of in so lu b le  h y d ro x y  p h o s p h a te s . In  m ost s tro n g ly  ac id  so ils a n d  in  
co llie ry  sp o il, th e  c o n c e n tra tio n  of iro n  an d  alum inium  ions g re a tly  ex ce ed s  
th a t  of H^PO^ a n d  so th e  re a c tio n  m oves in fa v o u r  of th e  fo rm ation  of 
th e  s ta b le  h y d ro x y  p h o sp h a te s , w hich  a re  more in so lu b le  u n d e r  ac id  r  
c o n d itio n s . In  o rd e r  to  re d u c e  th e  lo ss  of p h o sp h o ru s  in  th is  w ay , lime 
may b e  a d d e d  to  r a is e  th e  pH a n d  th e re b y  in c re a s e  th e  so lu b ility  of th e  
iro n  a n d  alum inium  p h o sp h a te s  a n d  also  re d u c e  th e  c o n c e n tra tio n  of iro n  
a n d  alum inium  ions in  so lu tio n . L im ing , h o w ev er, in c re a se s  p h o s p h o ru s  
lo ss  th r o u g h  re a c tio n  w ith  calcium  io n s  le ad in g  to  th e  form ation  of calcium  
p h o s p h a te s  w hich  a re  in so lu b le  u n d e r  a lk a lin e  co n d itio n s  (T hom pson a n d  
T ro e h  1973, H o lfo rd  an d  M atting ly  1975). Spoil re c e iv in g  h ig h  r a te s  of 
lime m ay in  th e  s h o r t  term  b e h a v e  a s  a ca lca reo u s  so il, as th e  lim ing 
m a te ria l d is so lv e s  g iv in g  ra ised  calcium  ion c o n c e n tra tio n  in th e  soil 
s o lu tio n .
^ 2^  A d so rb e d  p h o s p h o ru s  D isso lv ed  p h o s p h o ru s
P h o sp h a te  ions n o t on ly  r e a c t  w ith  so lu b le  iro n  a n d  alum inium  
b u t  a lso  w ith  th e i r  in so lub le  h y d ro u s  o x id es  (B arro w  1984). A ctive  
iro n  a n d  alum inium  may be  p r e s e n t  as  su rfa c e  co a tin g s  of th e ir  ox ides  
o r  h y d ro x id e s  on c lay  s u r fa c e s ,  a n d  s in ce  all an ion ic  form s of p h o s p h a te s  
a re  ab le  to  form  th e se  com pounds, fix a tio n  b y  th is  m echanism  ta k e s  
p lace  o v e r  a w ide pH ra n g e . H su  (1964) an d  V an R iem sdijk  an d  
Lyklem a (1980) w ork ing  w ith  s a n d y  so ils  co n ta in in g  iro n  an d  alum inium  
o x id e s /h y d ro x id e s  id e n tif ie d  th e  fo rm ation  of a m e ta l-p h o sp h a te  co a tin g  
on th e  o x id e  p a r t ic le  by  a lig a n d  e x c h a n g e  re a c tio n  w ith  s u rfa c e  -OH 
g ro u p s :
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P h o sp h a te  a d so rp tio n  on h y d ro u s  oxide s u r fa c e s  h a s  b een  show n 
to  b e  a m ajor fa c to r  in  th e  lo s s  of p h o s p h o ru s  in co llie ry  spo il (D oub leday  
1972, P u lfo rd  a n d  D u ncan  1975, P u lfo rd  1976).
Soil p h o s p h o ru s  re a c tio n s  h av e  b een  s tu d ie d  w ith  th e  a id  of 
32ra d io a c tiv e  P , w hich allows th e  t r a c in g  of p h o sp h a te  a d d e d 'to  a soil 
a n d  th e  location  of i t s  u p ta k e  o r fix a tio n  (Williams an d  K n ig h t 1963). 
S tu d ie s  in soil p h o s p h a te  a d so rp tio n  from  th e  soil so lu tio n  show  a tw o- 
s ta g e  re a c tio n ; an  in itia l f a s t  re a c tio n  (1 -2  h r s )  d u e  to  an  e x c h a n g e  
re a c tio n  a t  th e  o x id e /h y d ro x id e  s u r fa c e ,  an d  a slow er seco n d  s ta g e  
re a c tio n  d u e  p o ss ib ly  to  e x c h a n g e  w ith  in a ccess ib le  s ite s  w ith in  m icro­
p o re s  o r  c r y s ta l  d e fe c ts  (A ra m b a rr i a n d  T a lib u d een  1959, B olan e t al 
1985), th ro u g h  isom orphous s u b s t i tu t io n  in th e  c ry s ta l  la t t ic e ,  o r  w ith  
f re s h ly  fo rm ed  su rfa c e  a c tiv e  com ponen ts  form ed d u r in g  ag e in g  (H su  
1964).
P h o sp h a te  a d so rp tio n  a lso  o c c u rs  on p o s itiv e ly  c h a rg e d  clay  
m ineral s u r fa c e s , w h ere  i t  te n d s  to  b e  h e ld  too t ig h tly  to  b e  e x c h a n g e ­
able a t  low pH -  ra is in g  th e  pH b y  lim ing in c re a s e s  th e  lev e l of e x t r a c t -  
ab le  p h o s p h a te  d u e  to  ion e x c h a n g e  w ith  c a rb o n a te  a n d  b ic a rb o n a te  ions 
(T a lib u d e e n  1957).
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c y  O rg an ic  p h o s p h o ru s  D isso lv ed  p h o s p h o ru s
O rg an ic  p h o s p h o ru s  com pounds in  th e  soil a re  n o t d ire c tly  
ava ilab le  to  p la n ts  b u t  a re  t ie d  u p  in  th e  s t r u c tu r e  of o rg a n ic  com pounds 
of p la n t an d  anim al r e s id u e s .  T he  la rg e s t  g ro u p  of o rg a n ic  p h o s p h o ru s  
com pounds is  th e  in o s ito l p h o s p h a te s , w hich a re  b a s ic a lly  s u g a r  m olecules 
w ith  one o r m ore -O H  g ro u p s  re p la c e d  b y  - ^ P O ^  g ro u p s .  S uch  
com pounds co n ta in  a p p ro x im a te ly  1 /3  of th e  o rg an ic  p h o s p h o ru s  in  so ils, 
w ith  n u cle ic  a c id s  a n d  th e ir  decom position  p ro d u c ts  c o n ta in in g  ab o u t 10% 
an d  p h o sp h o lip id s  a b o u t 1%. Enzym ic b reak d o w n  of th e se  com pounds 
re le a se s  p h o s p h a te  o c c u rr in g  in  re a c tiv e  p o s itio n s  to  th e  soil so lu tio n . 
H ow ever, m uch of th e  p h o s p h o ru s  is  b u il t  in to  th e  s t r u c t u r e  an d  is  only  
re le a se d  in  th e  la te r  s ta g e s  of d eco m p o sitio n .
M echanism s b y  w hich  o rg an ic  p h o s p h o ru s  com pounds a re  he ld  
in  th e  soil in c lu d e  a d so rp tio n  th ro u g h  o r th o p h o sp h a te  g ro u p s  to  iro n  
an d  alum inium  o x id e s  b y  m echanism s sim ilar to  th o se  fo r in o rg an ic  
p h o s p h a te s ,  a n d  s o rp tio n  b y  in te ra c tio n  of th e  o rg a n ic  p o r tio n  of th e  
p h o s p h a te  e s te r  w ith  in o rg a n ic  soil com ponen ts e .g .  c lay  m in era ls .
C o llie ry  sp o il, low in decom posable o rg a n ic  m a tte r ,  will n o t 
co n ta in  a s ig n if ic a n t o rg an ic  p h o s p h o ru s  f ra c t io n . H ow ever, am endm ent 
a t rec lam ation  w ith  f e r t i l iz e r  an d  m an u re  may r e s u l t  in  some of th e  
ava ilab le  f e r t i l iz e r  p h o s p h o ru s  b e in g  ta k e n  u p  in  an  o rg a n ic  form 
(D onald  a n d  Williams 1954) th u s  re d u c in g  i t s  p la n t a v a ila b ility  u n til 
m icrobial b re a k d o w n  re le a s e s  i t  once m ore to  so lu tio n . L im ing, ho w ev er, 
fa c ilita te s  th e  re le a s e  of p h o s p h o ru s  from  th e  o rg a n ic  fra c tio n , as th e  
o rg a n ic -p h o sp h a te  b o n d  is  le s s  s ta b le  u n d e r  a lk a lin e  c o n d itio n s  an d  also 
m icrobial a c t iv ity  is  in c re a s e d  b y  lim ing , th e re fo re  lime + fe r t i l iz e r  +
o rg an ic  m a tte r  a d d itio n s  com bine to  in c re a s e  th e  spo il p h o sp h o ru s  s ta tu s .
3„ 3 P ro b lem s of Low P h o sp h o ru s  A v a ilab ility  a n d  H igh F ix in g  C ap ac ity  
of C o llie ry  Spoil
P h o s p h a te  a d so rp tio n , an d  i ts  rem oval from  th e  availab le  pool, 
is  a p rob lem  w hich  h a s  long  b e e n  re c o g n ise d  in  soil a n d  spo il.
Williams e t a l . (  1958) a n d  S a u n d e rs  ( 1965) fo u n d  p h o s p h a te  a d so rp tio n  to  
b e  s ig n if ic a n tly  c o r re la te d  w ith  th e  lev e l of alum inium  e x tra c te d  by  
Tam m 's ac id  o x a la te  in S c o ttish  a n d  New Z ealand  s o i ls . r e s p e c t iv e ly , 
th u s  c o n c lu d in g  th a t  th e  am orphous alum inium  f ra c tio n  was re sp o n s ib le  
fo r  p h o s p h a te  a d s o rp tio n , w hile D oub leday  (1971, 1972) a n d  P u lfo rd  an d  
D uncan  (1975) r e p o r te d  a c o rre la tio n  w ith  th e  am o rp h o u s iro n  oxide 
f ra c tio n  in  coal w a s te .
3 .4  E x p e rim e n ta l M ethods
T h e  le v e l of e x tra c ta b le  p h o s p h o ru s  a n d  th e  cap ac ity  to ad so rb  
a d d e d  p h o s p h a te  w ere  d e te rm in e d  in sam ples of co llie ry  spoil from six  
u n rec la im ed  s i te s  (F ig . 3 .2 ) in o rd e r  to  s tu d y  th e  re la tio n sh ip  betw een  
th e se  fa c to r s  a n d  th e  lev e ls  of i r o n ,  alum inium  a n d  m anganese  e x tra c te d  
b y  Tam m 's ac id  o x a la te  an d  spoil pH , a n d  th e  e f fe c ts  of pH , lim ing an d  
ad d itio n  of av a ila b le  p h o s p h o ru s  w ere m e a su re d  b y  p o t ex p e rim en ts  
u n d e r  c o n tro lle d  co n d itio n s .
3 .4 .1  M easu rem en t of spoil pH 
M ethod
A lOg sam ple of a i r - d r y  < 2 m .m . spoil was w e ig h ed  in to  a 
sh a k in g  b o tt le  to  w h ich  25 ml d e - io n iz e d  w a te r  w as a d d e d . A fte r  
sh a k in g  on a w r is t  s h a k e r  fo r 20 m in s. th e  pH of th e  su sp e n s io n  was 
m e a su re d .
3 .4 .2  "A vailab le  p h o sp h o ru s"
T h e  cho ice  of e x tra c tin g  m ethod  w as b a se d  on th e  following
c r i te r ia :
(a ) T h e  am ount of p h o s p h o ru s  e x t r a c te d  sh o u ld  c o rre la te  w ith  
p la n t u p ta k e  a n d  y ie ld  re s p o n s e  to  a d d e d  p h o s p h o ru s .
(b )  T h e re  sh o u ld  be  a minimum o f se c o n d a ry  p re c ip ita tio n  an d  
a d so rp tio n  of e x t r a c te d  p h o s p h o ru s .
(c )  T h e  m ethod  sh o u ld  be  a d a p ta b le  to  ra p id , ro u tin e  a n a ly s is .
(c )  T h e  m ethod  a d o p te d  sh o u ld  b e  ap p licab le  to  th e  spec ific  ty p e
of sam ple u n d e r  s tu d y .
Commonly u se d  e x t r a c ta n ts  to  m e asu re  av a ilab le  p h o sp h o ru s
in c lu d e :
(a )  0.5M sodium  b ic a rb o n a te  (pH  8 .5 ) (O lsen  e t a l. 1954), u se d  b y
ADAS in  so ils  of E n g lan d  an d  W ales.
(b )  0.5M ace tic  ac id  (Williams a n d  S te w a r t 1941) u se d  b y  th e  A d v iso ry
S e rv ic e  in  S co tlan d .
(c )  1% c itr ic  ac id  (N a g a ra ja h  e t a l. 1968).
(d )  0.03M NH4F + 0.025M HC£ (B ra y  a n d  K u rtz  1945).
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(e )  Iso to p ic a lly  e x c h a n g e a b le  p h o sp h o ru s  u s in g  ra d io a c tiv e  P 
(L a rs e n  1952).
( f )  A nion e x c h a n g e  re s in  (C ooke an d  H islop 1963).
E x tra c tio n  of co llie ry  spoil w ith  0.5M NaHCO^ an d  d ilu te  c itr ic  
ac id  g iv e s  c o lo u re d  e x t r a c ts  of v a ry in g  in te n s i ty  d u e  to  e x tra c tio n  of 
o rg a n ic  m a tte r  a n d  iro n  re s p e c tiv e ly , an d  in v o lv es  a c le a n -u p  s te p  w ith  
ch a rc o a l o r  o th e r  a d s o rb e n t  to. rem ove th e  co lour com ponent b e fo re  
co lo rim etric  d e te rm in a tio n  of p h o s p h o ru s .  In  th is  r e s p e c t  it  was d iff ic u lt 
to  f in d  a s u ita b le  a d s o rb e n t w h ich  d id  n o t itse lf  con ta in  p h o s p h o ru s , an d  
th e re fo r e  f u r th e r  s te p s  w ere  r e q u ir e d  to  f i r s t  c lean  th e  a d s o rb e n t m ateria l; 
fo r th is  re a so n  th e s e  m ethods w ere  n o t u se d  fo r spo il p h o s p h o ru s  e x t r a c t ­
ion . W ork c a r r ie d  o u t in  th e  A g r ic u ltu ra l  C hem istry  D epartm en t, G lasgow 
U n iv e rs ity  (K halil 1981) show ed  th a t  p h o s p h o ru s  e x tra c te d  from  so ils  
u s in g  0.5M ace tic  acid, ac id  ammonium flu o rid e  and  anion ex ch a n g e  re s in  
c o r re la te d  s ig n if ic a n tly  w ith  p la n t u p ta k e .  A cetic acid, how ever, rem oved  
v e ry  li t t le  p h o s p h o ru s  (com pared  to  o th e r  m e th o d s), w hile an ion  e x ch a n g e  
m ethods r e q u ir e  a 24 h r  e x tra c tio n  tim e. F o r th e se  re a so n s  th e  m ethod 
ch o sen  fo r  th e  a n a ly s is  of a la rg e  n u m b e r of sam ples was e x tra c tio n  w ith  
acid-N H ^F, w hich  h a s  a s h o r t  e x tra c tio n  time, good c o rre la tio n  w ith  p la n t 
u p ta k e  (Williams a n d  K n ig h t 1963, K halil 1981) an d  is  su ita b le  fo r acid  
sp o il. T he  com bination  of HC£ an d  NH^F is d e s ig n e d  to  rem ove ac id - 
so lub le  form s of p h o s p h o ru s  ( la rg e ly  calcium p h o sp h a te s )  a n d  th e  NH^F 
d is so lv e s  iro n  a n d  alum inium  p h o sp h a te s  b y  com plex fo rm ation  w ith  th e se  
ions in  ac id  so lu tio n .
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R eagen ts
1M Ammonium f lu o r id e  -  D isso lve 37g A n a la r NH^F in  d e - io n iz e d  w a te r 
a n d  d ilu te  to  1 l i t r e  ( s to re  in  p o ly e th y le n e  b o t t le ) .
0.5M H y d ro ch lo ric  ac id  -  D ilu te  40 .4  ml A n a la r HC& to  1 l i t r e  w ith
d e -io n iz e d  w a te r .
E x tra c tin g  so lu tio n  -  A dd  15 ml 1M NH^F an d  25 ml 0.5M HC£ to
460 ml d e - io n iz e d  w a te r . T h is  g ives a so lu tio n  0.03M in  NH^F 
a n d  0.025M in  H C £.
S ta n n o u s  c h lo rid e  ( s to c k ) -  D isso lve lOg A n a la r S n C J^ ^ H ^ O  in
25 ml A n a la r  HCJi. S to re  in a brow n, g la s s - s to p p e re d  b o ttle  
in  a f r id g e  a n d  p r e p a re  f r e s h  e v e ry  6 w eek s.
S ta n n o u s  c h lo rid e  (w o rk in g  so lu tio n ) -  Mix 1 ml S n C i^  s to c k  w ith  
333 ml d e - io n iz e d  w a te r . Make f r e s h  e v e ry  2 h r s .
Ammonium m o ly b d a te  -  D isso lve 15g A n ala r (N H ^ ^ M o ^ C ^  in  350 ml
d e -io n iz e d  w a te r .  A dd 350 ml 10M HC£ slow ly w ith  s t i r r in g .  
Cool a n d  m ake to  1 l i t r e .  S to re  in  a b row n, g la s s - s to p p e re d  
b o tt le . P r e p a re  f r e s h  e v e ry  2 m o n th s.
M ethod
A p p ro x im ate ly  lg  of a i r - d r y  < 2 m .m . spo il was a c c u ra te ly  
w eig h ed  in to  a s h a k in g  b o tt le .  7 ml of e x tra c tin g  so lu tio n  was a d d e d  an d  
sh a k e n  b y  h a n d  fo r  1 m in. T he e x tra c t  was f i l te re d  th ro u g h  a W hatm an's 
No. 42 f i l te r  p a p e r .  To 2 ml of f i l tra te  w ere  added , in  o r d e r ,  5 ml 
d e -io n iz e d  w ater, 2 ml ammonium m olybdate so lu tio n  a n d  1 ml S n C J^  
w ork in g  so lu tio n . A f te r  m ix ing , th e  colour was m e asu re d  pho tom etrica lly
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a t 660 n .m . a f te r  e x a c tly  10 m ins. T he c o n c e n tra tio n  of p h o sp h o ru s  was 
c a lc u la te d  w ith  r e f e r e n c e  to  a s ta n d a rd  g ra p h  of s u ita b le  r a n g e .
3 .4 .3  P h o sp h a te  a d so rp tio n
T h e  p h o s p h a te  a d so rp tio n  c ap a c ity  of th e  spo il w as d e te rm in ed  
follow ing th e  m ethod  of P u lfo rd  an d  D uncan  ( 1975) .
R e a g e n ts
B u ffe re d  p h o s p h o ru s  w ork ing  so lu tio n  -  D isso lve  272g A nalar
N aCH gCC^. 3 ^ 0  in  ap p ro x im ate ly  1£ d e -io n iz e d  w a te r . A dd 
0 .312g N aE^PO ^. 211^0 + 120 ml g lacial CHgCC^H a n d  make to 
2£ . T h is  g iv es  a so lu tion  of 30 u g P /m l b u f fe re d  a t pH 4 .6 .
3M S u lp h u r ic  ac id  -  D ilu te  83.3 ml A n a la r to  1£ w ith  d e -io n ized
w a te r .
Ammonium m o lybdate  -  D isso lve 5g A nala r (NH^) 4 ^ 0  in
d e -io n iz e d  w a te r  an d  make to  250 ml.
A sc o rb ic  ac id  -  D isso lve  4 .4 g  A n ala r C^HgOg in  d e -io n ized  w a te r 
a n d  m ake to  250 ml. T h is  so lu tion  d e te r io ra te s  slow ly on 
s ta n d in g  a n d  m ust be p re p a re d  f r e s h  as r e q u ir e d .
R e d u c in g  so lu tio n  -  D ilu te  a m ix tu re  of 125 ml 3M ^ S O ^ ,  38 ml
ammonium m olybdate  so lu tion  an d  60 ml a sc o rb ic  ac id  so lu tion  
to  250 ml. T h is  so lu tion  sh o u ld  be  f a in t -g r e e n  in  co lour an d  
sh o u ld  b e  p r e p a re d  im m ediately b e fo re  u s e .
M ethod
A p p ro x im ate ly  5g of a i r - d r y  < 2 m .m . spo il w as sh ak en  w ith 
25 ml of 3 0 |a g P /m l b u f fe re d  p h o sp h o ru s  so lu tio n  on a re c ip ro c a tin g  s h a k e r
fo r  2 h r s .  T h e  e x t r a c t  w as f i l te re d  th ro u g h  a W hatm an's No. 42 f i l te r
p a p e r .  To 5 ml f i l t r a te  w as a d d e d  20 ml re d u c in g  so lu tio n  a n d  th e  volum e
m ade to  50 ml w ith  d e - io n iz e d  w a te r . A f te r  s ta n d in g  o v e rn ig h t  th e  co lour 
was m e a su re d  p h o to m etrica lly  a t  660 n .m . T h e  am ount of p h o s p h o ru s  
r e ta in e d  b y  th e  spo il w as c a lc u la te d  b y  d if fe re n c e .
3 .4 .4  A m orphous iro n , alum inium  a n d  m anganese
T h e  am orphous ox ide  f ra c tio n  w as e x tra c te d  w ith  ac id  ammonium 
o x a la te  (Tam m 's r e a g e n t ) .
R e a g e n ts
Ammonium oxa la te  -  (CC^NH ^) H^O 
O xalic acid  -  ( C C ^ H ^ ^ ^ O
E x tra c tin g  so lu tio n  -  D isso lve  24. 9g A n a la r ammonium o x a la te  +
1 2 .6g A n a la r oxalic acid  in d e -io n iz e d  w a te r an d  m ake to  1 £; 
th is  g iv es  a so lu tio n  0.175M in  ammonium oxa la te  a n d  0.1M in  
oxalic ac id  a t  pH 3 .3 .
M ethod
A p p ro x im ate ly  5g of a i r - d r y  < 2 m .m . spo il was s h a k e n  w ith  
50 ml e x tra c t in g  so lu tio n  on a re c ip ro c a tin g  s h a k e r  fo r  2 h r s .  A f te r  
f i l te r in g  th ro u g h  a W hatm an's f i l te r  p a p e r  th e  co n c e n tra tio n  of Fe, A I  
an d  Mn w as m e asu re d  on a P e rk in  Elm er m odel 370A.
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3. 5 S e lec tio n  of Sam ples
86 sam p les  of u n b u r n t  co llie ry  spo il c o v e rin g  th e  pH ra n g e  
2 .9 -8 .4  from  six  s i te s  in  th e  C e n tra l S c o ttish  coal b e l t  w e re  a n a ly se d  
fo r  p H , Tamm F e , A l ,  M n, N H ^ F -e x tra c ta b le  p h o s p h o ru s  a n d  p h o sp h a te  
a d s o rp t io n .  T h e  s ite s  ch o sen  fo r a n a ly s is  a re  all lo c a te d  in  West an d  
C e n tra l  S co tlan d  (F ig . 3. 2 ) , T h e ir  choice w as b a s e d  on e x te n s iv e  
b a c k g ro u n d  w ork  c a r r ie d  o u t in  th e  A g r ic u ltu ra l  C h em is try  D e p a rtm e n t, 
G lasgow  U n iv e rs i ty ,  a n d  r e p r e s e n t  a r a n g e  of " ty p ica l"  co llie ry  spoil 
b in g s  of th is  a re a .  T h ro u g h  e x p e r ie n c e  in  th is  D ep a rtm e n t i t  h a s  b een  
fo u n d  th a t  sp o ils  of th e  W est of S co tlan d  co n ta in  h ig h e r  le v e ls  of iro n  
p y r i t e s  co m p ared  to  th o s e  of th e  E a s t co a s t a n d , th e re fo re ,  th e  s ite s  
ch o sen  p r e s e n te d  th e  spo il co n d itio n s  m ost lim iting  to  p la n t  g ro w th .
I am in d e b te d  to  D r. A .J .  K im ber fo r  h is  p e rm issio n  to  use  
h is  r e s u l t s  fo r  some of th e  Tamm e x tra c ta b le  F e , A l ,  Mn d a ta  p r e s e n te d  
h e re .
3. 6 R e s u lts  a n d  D iscu ssio n
A com plete ta b le  of r e s u l t s  is  p re s e n te d  in A p p e n d ix  I.
T ab le  3 .1  show s th e  mean a n d  r a n g e  of v a lu e s  fo r  each  
p a ra m e te r  fo r  each  s ite  a n d  fo r  all s i te s  com bined .
T ab le  3. 2 show s th e  c o rre la tio n  co e ffic ien t a n d  s ig n ifican ce  
of th e  re la t io n s h ip s  b e tw ee n  pH , Tamm F e , A l ,  Mn, N H ^ F -e x tra c ta b le  
p h o s p h o ru s  a n d  p h o s p h a te  a d so rp tio n  o v e r all s i te s .
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F ig . 3 .2 . L ocation  of s i te s  ch o sen  fo r spo il a n a ly s is
Glasgow ♦ SB 
DK *LG
LH
Ayr
SF = SAINT FLANNANS - Grid reference NS 688749 
WS = WATERSIDE - " " NS 686731
LG = LOGANLEE - " " NS 976622
NS 762523 
NS 977634 
NS 868608
LH = LARKHALL 
SB = STONEYBURN 
DK = DYKEHEAD
125
T ab le  3 .2 . C o rre la tio n s  b e tw een  N H ^ F -e x tra c ta b le  P , P -a d so rp tio n  a n d  
e !L_  o x a la te  e x tra c ta b le  F e , A £ an d  Mn
N H ^ F -e x tra c ta b le  P P -a d so rp tio n
* ***
pH 0.224 -0 .7 3 9
** ***
F e -0 .2 9 3 0.558
***
A l -0 .0 3 9 0.448
***
Mn 0.064 -0 .408
S ince pH an d  P -a d s o rp tio n  a re  c losely  c o r re la te d , th is  was 
ta k e n  in to  a c c o u n t in  an a ly s in g  th e  re la tio n s h ip s  betw een  P -a d so rp tio n
an d  o x a la te  e x tra c ta b le  m etal le v e ls . T h e  re s u l t in g  p a r tia l co rre la tio n
** *
c o e ff ic ie n ts  a re  0 .346 , 0.244 a n d  0 .05  fo r  P -a d so rp tio n  v s .  o x a la te
F e , A I  a n d  Mn re s p e c t iv e ly ,  show ing th a t  th e  P -a d so rp tio n  v s .  Mn 
c o rre la tio n  is  sim ply  a re f le c tio n  of th e  P -a d s o rp tio n  v s .  pH re la tio n sh ip  
T h e  fo rm ula  u s e d  to  ca lcu la te  p a r t ia l  c o rre la tio n  d a ta  is  as follow s:
P - f P  xP ) 12 K \ 3 x r 23)
12/3  [ d - p ,  2) d - p ,  2) ] i13 ' '  23
w h ere  P ^  = c o rre la tio n  co e ffic ien t b e tw een  p a ra m e te rs  1 a n d  2
P ^2 = c o rre la tio n  co e ffic ien t b e tw een  p a ra m e te rs  1 a n d  3
]?23 = c o rre la tio n  co e ffic ien t b e tw een  p a ra m e te rs  2 a n d  3
P 12 / 3 = Pa r t ial c o rre la tio n  co e ffic ien t be tw een  p a ra m e te rs
1 an d  2 ta k in g  in to  acc o u n t p a ra m e te r  3.
P -a d s o rp tio n  is  fo u n d  to  be  r e la te d  in v e rs e ly  to  pH in a g re e m e n t 
w ith  so il a n a ly s is  of B eaucham p e t  a l. (1976), P a r f i t t  (1978), H aynes  (1982) 
an d  spo il a n a ly s is ,  P u lfo rd  an d  D u n can  (1975 ). P re c ip ita tio n  of in so lu b le  
iro n  a n d  alum inium  h y d ro u s  o x id e s , w hich  h av e  a p o s itiv e  su rfa c e  c h a rg e  
u n d e r  ac id  c o n d itio n s , in c re a s e s  th e  p h o s p h a te  a d so rp tio n  cap a c ity  of th e  
sp o il, w hile a t  h ig h e r  pH anion e x c h a n g e  of OH fo r ^ P O ^  o c c u rs ,  th u s  
re d u c in g  th e  am ount of p h o sp h a te  a d s o rb e d  (T a lib u d ee n  1981).
F ig s . 3 .3 -3 .1 0  show' th e  re la tio n s h ip s  be tw een  th e  d a ta  in 
A p p e n d ix  I fo r  all 86 spoil sam p les.
T ab le  3 .2  show s th a t  b o th  th e  am orphous Fe an d  A£ f ra c t io n s  
a d so rb  p h o s p h a te  o v e r th e  pH ra n g e  2. 9 -8 .4  w hile th e re  is no in d ica tio n  
th a t  e i th e r  f ra c tio n  ho ld s  "n a tiv e"  p h o sp h a te  in  a form e x tra c ta b le  b y  
ac id  N H ^F, a lth o u g h  th e  r e s u l t s  show  th a t  th e  e x tra c ta b ili ty  of th e  
a d s o rb e d  p h o s p h a te  d e c re a se s  d u e  to  th e  g r e a te r  e n e rg y  of a d so rp tio n  a t 
low er pH .
B y  s p li t t in g  th e  d a ta  in to  two g ro u p s , pH < 4 . 0  (39 sam ples) 
a n d  pH > 4 .0  (47 sam ples) a b e t te r  u n d e rs ta n d in g  of th e  p h o sp h a te  
re a c tio n s  in  spo il is  se e n . T ab le s  3 .3  an d  3 .4  show th e  c o rre la tio n  
c o e ff ic ie n ts  b e tw ee n  pH , o x a la te -e x tra c ta b le  Fe an d  A l ,  NH^F e x tra c ta b le  
p h o s p h o ru s  a n d  p h o sp h a te  a d so rp tio n  fo r  sam ples w ith  pH < 4 . 0  a n d  
pH > 4 .0 ,  r e s p e c t iv e ly .
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T ab le  3 .3 . C o rre la tio n  c o e ff ic ie n t an d  s ig n ifican ce  of th e  re la tio n s h ip s  
b e tw een  p H , o x a la te -e x tra c ta b le  F e , a n d  A £ ,N H ^ F -e x tra c t-  
ab le  p h o s p h o ru s  a n d  p h o sp h a te  a d so rp tio n  fo r  sam p les w ith  
pH < 4 .0
pH Fe Ail
*
Fe -0 .3 2 3
**
A I 0.416 -0 .1 7 9
** *
n h 4f - p 0.452 -0 .0 6 0 0.367
** *
P -a d s . -0 .4 7 8 0.378 -0 .1 8 4
T ab le  3 .4 . C o rre la tio n  c o e ff ic ie n t an d  s ig n ifican ce  of th e  re la tio n s h ip s  
betw een p H , o x a la te -e x tra c ta b le  F e , an d  A l ,  NH^F e x t r a c t -  
ab le  p h o s p h o ru s  a n d  p h o sp h a te  a d so rp tio n  fo r sam ples w ith 
pH > 4 .0
pH Fe A l
*
Fe -0 .3 4 5
* *
A l -0 .3 2 2 0.318
*** *
n h 4f - p -0 .5 4 3 0.060 0.357
* ** ***
P -a d s . -0 .3 6 0 0.412
------------------------------
0.589
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T ab le  3 .3  show s th a t  fo r th o se  sam ples w ith  pH < 4 . 0  th e  
am orphous Fe f ra c t io n  is  th e  a c tiv e  com ponent in v o lv e d  in  p h o s p h a te  
a d so rp tio n  r e a c t io n s ,  a n d  th a t  th e re  is no c o n tr ib u tio n  from  th e  AH 
f ra c t io n . A lum inium  h y d ro u s  ox id es  e n te r  so lu tion  as  th e  pH fa lls  below 
4 .0  (K it t r ic k  a n d  J a c k so n  1955), as shown by  th e  p o s itiv e  c o rre la tio n  
b e tw ee n  pH a n d  o x a la te -e x tra c ta b le  Ail (T ab le  3 .3 ) ,  a n d  th e re fo re  th e re  
is  a r e d u c e d  e ffe c t of th e  Ail frac tio n  to w ard s  p h o s p h a te  a d s o rp tio n  as 
th e  pH fa lls  below  th is  v a lu e . T he Fe h y d ro u s  o x id e s  rem ain  in so lu b le  
down to  pH 2 .7 -3 .0  a n d , as show n in  T able 3 .3 , c o n tin u e  to  a d so rb  
p h o s p h a te  below pH 4 .0 . A t pH > 4 . 0  th e re  is  a s ig n if ic a n t re la tio n sh ip  
b e tw een  b o th  th e  am o rp h o u s Fe an d  Ail f ra c tio n s  an d  p h o s p h a te  a d so rp tio n  
in d ic a tin g  th a t  a d s o rp tio n  o c c u rs  on b o th  f ra c tio n s  in  th e  in so lu b le  form .
F o r b o th  s e ts  of r e s u l t s  (T ab les  3 .3  an d  3 .4 ) th e  lev e l of 
N H ^ F -e x tra c ta b le  p h o s p h a te  is  c o r re la te d  s ig n if ic a n tly  w ith  th e  h y d ro u s  
Ail f ra c tio n  o n ly , in d ic a tin g  th a t  i t  is th is  f ra c tio n  w hich  h o ld s  availab le  
o r e x c h a n g e a b le  p h o s p h a te  in  co llie ry  sp o il, w ith  no  c o n tr ib u tio n  from 
th e  h y d ro u s  Fe f r a c t io n .
3. 7 T h e  E ffe c ts  of Lime a n d  P h o sp h o ru s  A dd ition  on C o llie ry  Spoil 
P ro p e r t ie s  a n d  P la n t G row th  (P o t E x p e rim e n t)
T he  e f fe c ts  of lime a n d  p h o sp h o ru s  a d d itio n  on p la n t  g ro w th  
w ere  d e te rm in e d  b y  p o t e x p e rim en t u s in g  spo il from  th r e e  of th e  s ite s  
d is c u s s e d  in  p re v io u s  se c tio n s :
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W aters id e  -  ac id  spoil w ith  m ed ium -h igh  le v e ls  of ava ilab le  
p h o s p h o ru s .
L og an lee  -  m ost acid  spoil w ith  h ig h  le v e ls  of T am m -ex trac tab le
alum inium , h ig h  p h o sp h a te  a d so rp tio n  cap a c ity  a n d  low 
availab le  p h o s p h o ru s .
D y k e h e a d  -  le a s t  ac id  spoil w ith  low le v e ls  of T am m -ex trac tab le  
iro n  an d  alum inium  an d  low p h o s p h a te  ad so rp tio n  
c a p a c ity .
T h e  e x p e rim e n t w as c a r r ie d  o u t in  a g ro w th  room m ain ta ined  a t  20°C 
w ith  16 h r  d ay  le n g th  an d  th e  p o ts  w ere  w a te re d  w ith  deion ized  w a te r 
th r e e  tim es p e r  w eek .
3. 8 M ateria ls  a n d  M ethods
3 .8 .1  Spoil p ro p e r t ie s
T ab le  3 .5  show s th e  pH , % iro n  p y r i t e s  a n d  p a r tic le  s ize  
d is tr ib u t io n  of th e  sp o ils  u se d  in  th e  p o t e x p e rim e n t.
T ab le  3 .5 . A n a ly s is  of spoil fo r p o t ex p e rim e n t
SITE pH
. % iro n  
p y r i te s
P a r tic le  size d is tr ib u tio n  
(% b y  w eigh t)
(2mm 2mm-1cm >lcm
WATERSIDE 4.0 0.19 17 72 11
LOGANLEE 3.7 0.10 48 44 8
DYKEHEAD 7.0 0.14 22 60 18
T h e  sam p les w ere s ie v e d  to  p a s s  a 1 cm g r id  a n d  th e  m aterial 
> 1 cm d is c a rd e d .  A s th e  p a r tic le  size  d is tr ib u tio n  of th e  < 1 cm 
fra c tio n  sh o w s, W ate rs id e  an d  D y k eh ead  sp o ils  h a v e  a c o a r s e r ,  f r e e -  
d ra in in g  t e x tu r e ,  w hile L oganlee h a s  a h eav y  te x tu r e .
3 .8 .2  Lim ing r a te s
Two lim e r a te s  w ere u se d  w ith  each  sp o il, th e  low er ra te  
r e p r e s e n t in g  th e  am oun t of lime r e q u ir e d  to ra is e  th e  pH of th e  spoil to 
pH 6 .2  ( th e  optim um  fo r  a g ra s s  sw a rd ) an d  a h ig h e r  r a te  w hich 
in c lu d e d  an  allow ance fo r  th e  p y r i te  c o n te n t, b e in g  e q u iv a le n t to  th e  
ad d itio n  of 4 to n n e s  C aC O ^/ha fo r  e v e ry  0.1% p y r i te  ( fo r  lime r e q u ire ­
m ent d e te rm in a tio n  see  C h a p te r  2 ). T ab le  3 .6  show s th e  lime r e q u ire ­
m ents of each  sp o il. L ogan lee spo il (pH 3 .7) h a s  a h ig h e r  lime 
re q u ire m e n t (low r a te )  th a n  W aterside (pH  4 .0 ) d u e  to  th e  g re a te r  
p ro p o r tio n  of < 2 mm m a te ria l, g iv in g  a g re a te r  pH b u f fe r in g  cap a c ity .
T ab le  3 .6 . L im ing r a te s  fo r W aters ide , L oganlee a n d  D y k eh ead  spo ils  
fo r  p o t e x p e rim en t
C a(O H )2 to n n e s /h a
Low R ate H igh R ate
WATERSIDE 2.27 8 .02
LOGANLEE 7.64 10.67
DYKEHEAD Nil 4 .27
E ach  tre a tm e n t was c a r r ie d  ou t in  tr ip l ic a te  a n d  com pared  to  
co n tro l p o ts  re c e iv in g  N , P an d  K fe r ti l iz e r  o n ly .
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3 .8 .3  F e r t i l iz e r  tre a tm e n ts
T h e  le v e ls  of n itro g e n  a n d  po tass iu m  a d d e d  to  each  p o t w ere
th e  sam e fo r  eac h  lime an d  p h o sp h a te  tre a tm e n t,  b e in g  e q u iv a le n t to  th e
a d d itio n  o f 60kg N /h a  a n d  30kg K /h a . N itro g en  w as a d d e d  as NaNO^
a n d  p o ta ss iu m  as  K C£ (A n ala r g ra d e s )  each  a d d e d  in  so lu tion  to  th e
spo il ( a f te r  lim in g , w h ere  re q u ire d )  in  o rd e r  to  g ive an  even  d is tr ib u tio n
th ro u g h  th e  sam p le . Two r a te s  of p h o sp h o ru s  ad d itio n  w ere co m p ared ,
r e p r e s e n t in g  th e  ad d itio n  of 20 an d  40 k g  P /h a  a d d e d  as C aH (P O .) £ . ^ 0
at each rate
(A n a la r  g ra d e )  in  so lu tio n . Each p h o s p h o ru s  tre a tm e n t^ w a s  c a r r ie d  o u t 
in t r ip l ic a te  a n d  com pared  to  c o n tro l p o ts  re c e iv in g  lim e, N an d  K o n ly .
3 .8 .4  S e e d in g  r a te
P e re n n ia l r y e g r a s s  (Lolium p e re n n e ) w as ch o sen  b eca u se  i t  is 
w idely  u s e d  in  rec lam ation  schem es, as  i t  h a s  a w ide to le ran ce  to  spo il 
c o n d itio n s , h a s  a q u ic k  em ergence a n d  g iv es  a le a fy  g ro w th . T h is  w as 
sow n a t a r a t e  of 55 s e e d s /p o t (10 cm d ia m e te r) ,  e q u iv a le n t to lO O kg/ha. 
WS a n d  LG spoil re c e iv e d  9 tre a tm e n ts  (T a b le  3 .7)
S ince  th e r e  is  only  one lev e l of lime a d d e d  to  D y k eh ead  sp o il, 
th is  m a te ria l r e c e iv e d  only  6 t re a tm e n ts .  T l ,  T2 a n d  T3 in  T ab le  3 .7  
r e p r e s e n t  th e  ad d itio n  of lime to  ac id  sp o il. H ow ever, s ince  D y k eh ead  
a lre a d y  h a s  an  in itia l pH of 7 .0  th e se  th r e e  tre a tm e n ts  do n o t a p p ly  to  
th is  s i te .
Table 3 .7 L ist of trea tm en ts  fo r W aterside and  Loganlee spoils
T re a tm e n t No. T rea tm e n t
T i No lime , no  P
T 2 " " , low P
T 3 " " , h ig h  P
T 4 Low lime , no P
T 5 1 " , low P
T 6 " " , h ig h  P
T 7 H igh lim e, no P
T
8
" " , low P
T 9 " " , h ig h  P
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3 .9  RESULTS AND DISCUSSION
3 .9 .1  E ffec t of lime an d  p h o s p h o ru s  ad d itio n  on s e e d  g e rm in a tio n
A t g erm ination  i t  w as n o te d  th a t  th e re  w as a d if fe re n c e  in  th e  
n u m b e r of se e d s  g e rm in a tin g  b e tw ee n  sp o ils , an d  be tw een  tr e a tm e n ts  on 
each  sp o il. T ab le  3 .8  show s th e  n u m b e r of g erm inating  s e e d s  from  each  
tr e a tm e n t .
A s T ab le  3 .8  sh o w s, th e r e  is  no  s ig n if ic a n t e f fe c t of p h o s p h o ru s  
a d d itio n  on germ ination  due  to  th e  fa c t th a t  th e  seed  c o n ta in s  su f f ic ie n t 
n u t r i e n t  r e s e rv e s  to  m eet d em an d s  a t  g erm in a tio n .
T he  e ffe c t of lime is  m ost m a rk e d  fo r LG spo il w h ich  show s th a t  
th e r e  is  in h ib itio n  to  se e d  g erm in a tio n  in  th e  unam ended  sp o il. K im ber 
(1982) made an e x te n s iv e  s tu d y  of eac h  of th e  th re e  s ite s  u s e d  in th is  
e x p e rim e n t -  see  T ab le  3 .9 .
In h ib itio n  to  s e e d  g e rm in a tio n  in LG spoil may b e  th e  r e s u l t  of 
h ig h e r  lev e ls  of av a ilab le  Fe a n d  A £ , h o w ev e r, th e se  fa c to rs  r e q u ir e  m ore 
in te n s iv e  s tu d y .
3 .9 .2  E ffec t of lime a n d  p h o s p h o ru s  ad d itio n  on to ta l p la n t  y ie ld
T he g r a s s  from  each  p o t w as h a rv e s te d  a f te r  46 d a y s  (le a v in g  a
1 cm s tu b b le )  a n d  aga in  a f te r  111 d a y s . T ab le  3 .8  show s th e  a v e ra g e  
y ie ld  of re p lic a te  tr e a tm e n ts  a t  b o th  h a r v e s ts  and  th e  a v e ra g e  com bined 
y ie ld ,  th e  com bined y ie ld s  show n in  F ig . 3 .11 . P la te s  4 ,5 and  6 show  
th e  p o ts  a f te r  32 d a y s .
T he e ffe c t of lime a d d e d  a t  th e  low er r a te  to  ac id  spo il was to  
in c re a s e  y ie ld  a t  each  lev e l of p h o s p h o ru s  a d d itio n , th e  m ost d ram atic  
r e s u l t  show n fo r L oganlee spoil w h ich  show ed v ir tu a lly  no  g ro w th  w ith o u t
Ta
bl
e 
3.
8.
 
G
er
m
in
at
io
n 
co
un
t 
an
d 
yi
el
d 
fro
m 
tw
o 
ha
rv
es
ts
142
oa
5
Q
bo
E 00 o in r'- r o rH 999 oo  r o 00 O ' r q •c* r q r r in r q r o r q
> w O ' CM t n r q vO r q r - O ' rH 00 O ' o O ' r - 00 vO r o O r q
TJ r q r q r o in r o in in in r q r q —•in vO -H r o r q
o
• rH
O
H
o
2
QbO
S
2  
• rH 
>-<
T)
Grq
Oa
Qbe
S
2
£
oa
wT)<Ucuw
Go
■ r—l 
+->nj
G• H
EG<U
o
H
2
W
S
H
<
W
H
O in rq o rH in r- rH o
PP T3 O ' 00 oo r- O ' o oo 00 r- oo r-m rq 00 vO ro rq t'- • • • rH rq in rq (H in vO C'- ro —* ro r"
rH rq i“H rH rq iH ro rq n n C rq ro >H iH rq ro rH r  H
oo O' 00 rq sOo 999 00 rf o in rt1r- ro vOr- m m nO' o oo ro c-~rq o O' ro vOoo ro r-Ho rq rHNOcrHrHrHrHrq ro rHrq ro rHrq rHrHro ro --- r—H—>
r q  t-" O '  r—i v o r o i n L n r ^ - ^ s O ONf OoOmt OMf OMf Or ONN
HNf OTf i nvo r ^ oo  o ' H N M ^ m ^ ^ a i O ' ^ L n ^ ^ o o C '
CO
3£
o Q
n.
d.
 
- 
No
 
re
-g
ro
w
th
 
af
te
r 
1s
t 
ha
rv
es
t.
N
O
T
E
: 
In 
th
is 
an
d 
fo
llo
w
in
g 
T
ab
le
s,
 
on
ly 
th
e 
av
er
ag
e 
re
su
lt 
of 
th
e 
tr
ip
lic
at
e 
tr
ea
tm
en
ts
 
is 
gi
ve
n 
fo
r 
cl
ar
ity
 
an
d 
of 
pr
es
en
ta
tio
n 
of 
da
ta
.
Table 3 .9 . L evels of a ce tic -e x tra c tab le  iron  an d  aluminium in WS, LG
a n d  DK sp o ils  ( s e le c te d  d a ta  from  K im ber 1982)
SIT E A cetic e x tra c ta b le  p g / g  ( r a n g e  & mean)
Fe A Z
WATERSIDE 14-143 32-387
(61) (102)
LOGANLEE 7-372 54-371
(112) (183)
DYKEHEAD 9-129 8-67
(32) (35)
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A. W a te rs id e
800
600
400
200
I  SE =±32.1
PO P1 P2
U nlim ed
PO M P2
Low lim e
PO P1 P2
High l im e
Figure 3.11a. Total yield of perennial ryegrass in pot experiment.
J5._Loganlee_
600
400
200
I  SE =-16.6
ro ri P2
U nlim ed
PO P1 P2
Low lim e
PO P1 P2
High lim e
Figure 3.11b. Total yield of perennial ryegrass in pot experiment.
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C -_I>ykeh.ead_
800
600
400
200
P2PO P1PO P1 P2
Low lim e High l im e
Figure 3.11c. Total yield of perennial ryegrass in pot experiment.
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PLATE 4
PLATE 5
HVC.H UH£
Z£$to p
- WATERSIDE - growth of perennial ryegrass (Lolium perenne) 
after 32 days.
/ f f o  p
-  LOGANLEE - growth of perennial ryegrass (Lolium perenne) 
after 32 days.
' \
PLATE 6 - DYKEHEAD - growth of perennial ryegrass (Lolium perenne) 
after 32 days.
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lim ing (s e e  F ig . 3 .1 2 ). On each  of th e  th r e e  sp o ils  ad d itio n  of lime a t  th e  
h ig h e r  r a te  r e d u c e d  y ie ld  com pared  to  th e  low lime tre a tm e n t if p h o s p h o ru s  
w as a d d e d ,  th e  y ie ld  re d u c tio n  b e in g  g r e a te r  a t th e  h ig h  le v e l of 
p h o s p h o ru s  a d d itio n , a lth o u g h  w ith o u t p h o s p h o ru s ,  lim ing above  th e  
im m ediate  spo il re q u ire m e n t h ad  no  e f fe c t on y ie ld . K u n ish i ( 1982) a n d  
C o s tig a n  e t a l . (1982) also r e p o r te d  th a t  th e  ad d itio n  of h ig h  le v e ls  of 
lime to  ac id  spo il d e c re a se d  p la n t y ie ld ,  a lth o u g h  th e  la t te r  a u th o rs  
fo u n d , in  c o n t r a s t  to  th e  above  r e s u l t s ,  th a t  th e  in h ib ito ry  e ffec t of higjh 
lim ing w as r e d u c e d  b y  h ig h  p h o s p h o ru s  fe r ti l iz a tio n . R eduction  in  y ie ld  
d u e  to  h ig h  lim ing w ith  p h o sp h o ru s  fe r ti liz a tio n  in d ic a te s  th a t  th e  e x t r a  
lime a d d e d  to  com bat f u tu r e  p y r i te  o x id a tio n  e i th e r :
(a )  f ix e s  some p h o sp h o ru s  in  an  u n a v a ila b le  form  in  th e  sp o il,
(b )  re d u c e s  u p ta k e  of p h o s p h o ru s  b y  p la n t ro o ts ,
(c ) a f fe c ts  th e  t r a n s p o r t  m echanism  w ith in  th e  p la n t.
(a) a n d  (b )  a re  d is c u s s e d  in la te r  s e c tio n s .
T h e  e f fe c t of p h o s p h o ru s  fe r ti liz a tio n  on p la n t y ie ld  is  show n 
in  F ig . 3 .13 . P la n t y ie ld  was in c re a s e d  b y  a d d itio n  of 20 kg  P /h a  to  
all sp o ils  (un lim ed  an d  limed) a lth o u g h  no  y ie ld  in c re a s e  was fo u n d  
r e s u l t in g  from  th e  ad d itio n  of p h o s p h o ru s  a t  40 kg /h a  to unlim ed 
ac id  sp o il o r to  spo il a t pH 7 .0  re c e iv in g  lim e, in d ic a tin g  th a t  pH is  th e  
fa c to r  of g r e a te s t  in flu en ce  in  sp o il w ith  pH < 4 . 0  a n d  pH > 7. 0.  All 
o th e r  lime tre a tm e n ts  show an  in c re a s e  in p la n t y ie ld  w ith  in c re a s in g  
p h o s p h o ru s  fe r ti liz a tio n . H ow ever, th e r e  is  a d im in ish in g  e f fe c tiv e n e ss  
of p h o s p h o ru s  a t  th e  h ig h e r  r a te  com pared  to  th e  e f fe c t on y ie ld  of 
a d d itio n  of 20 k g  P /h a .
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 • • No P added
4------ + 20 kg p|ha
 *------* 40 kg p | ha
A _W§terside_
800
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400
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200
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L2
Figure 3.12a. Effect of lime on yield of perennial ryegrass.
B^Loganlee
600
500
400
300
200
100
LIL0 L2
Figure 3.12b. Effect of lime on yield of perennial ryegrass.
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Figure 3.12c. Effect of lime on yield of perennial ryegrass.
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• — • No lime 
+ — 4. Low lime
Waterj>ide_ ♦— — « High lime
800
600
400
200
4020
P added kg|ha
Figure 3.13a. Effect of phosphorus addition on yield of perennial 
ryegrass.
B.Loqanlee
600
400
200
4020
P addedkqjha
Figure 3.13b. Effect of phosphorus addition on yield of perennial
ryegrass.
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C J^ykeh eacL
800
600
■*->oD. 400cr
£
v
200
20 40
P added kg| ha
Figure 3.13c. Effect of phosphorus addition on yield of perennial 
ryegrass.
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3 . 9 . 3  E ffe c t of lime a n d  p h o sp h o ru s  ad d itio n  on th e  p h o s p h o ru s
c o n te n t of spoil an d  h e rb a g e
T h e  th r e e  re p lic a te  y ie ld s  from  each  tre a tm e n t w ere  b u lk e d  
a n d  th e  to ta l sam ple d iv id ed  to  g ive  d u p lic a te  sam ples w hich  w ere 
d ig e s te d  u s in g  n it r ic  a c id /p e rc h lo r ic  ac id  (s e e  C h a p te r  2 ). T he 
p h o s p h o ru s  c o n te n t of th e  d ig e s ts  w ere  m e asu re d  u s in g  th e  a sco rb ic  
ac id  p ro c e d u re  g iv en  in sec tion  3 . 4 . 3 .  T ab le  3 .10 show s th e  p h o s p h o ru s  
c o n te n t  of th e  g ra s s  from  each  h a r v e s t  a n d  th e  to ta l p h o sp h o ru s  c o n te n t 
of th e  com bined  h a r v e s ts ,  to g e th e r  w ith  th e  lev e l of N H ^ F -ex trac tab le  
p h o s p h o ru s  in  th e  spoil (a v e ra g e  of tr ip l ic a te  tre a tm e n ts )  m e asu re d  a f te r  
th e  seco n d  c u t  an d  th e  % re c o v e ry  of p h o sp h o ru s  (n a tiv e  an d  a d d e d ) .
In  all d isc u ss io n s  of th e se  r e s u l t s ,  tre a tm e n ts  LG 1-3 a re  
e x c lu d e d  due  to  th e  lack  of re -g ro w th  a f te r  th e  f i r s t  c u t a n d  th e  anom a­
lous r e s u l t s  fo u n d  in  p h o sp h o ru s  c o n te n t a n a ly s is .
As T ab le  3 .10 show s th e  p h o s p h o ru s  c o n te n t of th e  f i r s t  
h a r v e s t  is  h ig h e r  in  m ost cases  th a n  th a t  of th e  seco n d  h a rv e s t  (N e lle r 
1953).
T h e  e ffe c t of lim ing is to  g re a t ly  re d u c e  th e  leve l of NH^F- 
e x tra c ta b le  p h o s p h o ru s ,  b o th  n a tiv e  a n d  a p p lie d , a n d  to g en e ra lly  
re d u c e  th e  am ount of p h o sp h o ru s  ta k e n  up  b y  th e  g ra s s .  N eller (1953) 
in  a g ro w th  ex p e rim e n t w ith  oats  grow n on acid  fine sa n d  also  fo u n d  a 
re d u c tio n  in th e  p h o s p h o ru s  c o n te n t of th o se  p la n ts  grow n in p o ts  
re c e iv in g  lim e, sim ilar r e s u l t s  b e ing  r e p o r te d  b y  W insor an d  Long (1963) 
in  a p o t e x p e rim e n t w ith  c a rn a tio n s  a n d  le ttu c e  grow n in  soil re c e iv in g  
lime a n d  p h o s p h o ru s ,  th e  conclusion  in  b o th  th e se  s tu d ie s  b e in g  th a t
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p h o s p h o ru s  is  in e ff ic ie n tly  ta k e n  up  b y  p la n t ro o ts  in  th e  p re s e n c e  of 
e x c e s s iv e  calcium , i . e .  u n re a c te d  lime.
T he  e ffe c t of p h o s p h o ru s  fe r tiliz a tio n  is ,  a s  e x p e c te d , to  in c re a se  
th e  le v e l of N H ^ F -e x tra c ta b le  p h o sp h o ru s  in  th e  spo il a n d  c o n se q u e n tly  to  
in c re a s e  th e  p la n t p h o s p h o ru s  c o n te n t a t  all le v e ls .
Column 6 of T ab le  3<,10 show s th e  p e rc e n ta g e  of th e  n a tiv e  + 
a d d e d  p h o s p h o ru s  w hich  is  re c o v e re d  in b o th  th e  g ra s s  a n d  spo il u s in g  
th e  follow ing form ula:
P in  spoil + P in g ra s s  v-^----------------------------------r----------------- -X- iOO
N ativ e  P + P in  g ra s s  + a d d e d  P
D ata  from  T1 fo r  WS a n d  LG sp o ils  an d  T4 fo r  DK sp o il.
S ince no lo ss  o c c u rs  th ro u g h  le a c h in g , as  each  p o t s to o d  in  a 
s e p a ra te  cup  a n d  w a te r in g  w as c o n tro lled  so th a t  no p e rc o la tin g  w a te r 
e s c a p e d , an y  u n re c o v e re d  p h o s p h o ru s  m ust be  f ix ed  in  a form  w hich is 
n o t e x tra c ta b le  b y  N H^F, i . e .  a d so rb e d  o r am orphous o x id e s , an d  is  n o t 
ta k e n  u p  b y  th e  p la n ts  a f te r  111 d a y s . T h ese  r e s u l t s  show  th a t ' t h e  
ad d itio n  of lime g re a t ly  r e d u c e s  th e  % re c o v e ry  of p h o s p h o ru s  a n d  th a t  
th e  ad d itio n  of h ig h  r a te s  of p h o sp h o ru s  in g en e ra l g iv es  a low er re c o v e ry  
co m p ared  to th e  low er r a t e ,  a r e s u l t  also  r e p o r te d  b y  M cC onaghy an d  
S te w a r t (1963).
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3 . 9 . 4  E ffe c t of lime a n d  p h o s p h o ru s  ad d itio n  on ro o t  g ro w th
A f te r  th e  seco n d  h a r v e s t  a v e r t ic a l  co re  (1  cm d iam ete r) w as 
ta k e n  from  eac h  p o t a n d  th e  w eig h t of r o o ts /p o t  c a lc u la te d  (T a b le  3 .1 1 ).
T h e re  is  no  c o n s is te n t  o v era ll e f fe c t of lime on ro o tin g  in  WS 
(pH 4. 0)  o r  DK ( pH 7. 0)  sp o ils . H ow ever, th e  w e ig h t of ro o ts  p ro d u c e d  
a t each  p h o s p h o ru s  lev e l in  LG (pH  3.7)  spo il in c re a s e s  w ith  lim ing .
F i t te r  a n d  B ra d sh a w  (1974) fo u n d  th a t  lim ing in c re a s e d  ro o t g ro w th  in  
co llie ry  spo il in  th e  g la ssh o u se  if  th e  spoil h a d  pH < 4 .1  b u t  h a d  no  e ffec t 
in sp o ils  ab o v e  th is  pH , co n c lu d in g  th a t  A i ,  o r a n o th e r  t r iv a le n t  metal 
ion was th e  o p e ra t iv e  fa c to r  in  r e s t r ic t in g  ro o tin g .
T h e  e f fe c t of p h o s p h o ru s  fe r ti liz a tio n  is  to  in c re a s e  ro o t m ass;
WS a n d  LG spo ils  g iv in g  maximum ro o t y ie ld  a t  th e  low er ap p lica tio n  r a te  
w hile DK g iv e s  in c re a s in g  ro o t y ie ld  w ith  in c re a s in g  p h o s p h o ru s  a p p lic a t­
ion .
3 . 9 . 5  E ffe c t of lime on spo il pH , p h o sp h a te  a d so rp tio n  an d  NH^F- 
e x t ra c ta b le  p h o s p h o ru s
A t th e  e n d  of th e  g ro w th  e x p e rim en t th e  spo il from  each  p o t 
re c e iv in g  no f e r t i l iz e r  p h o s p h o ru s  w as a ir  d r ie d ,  a n d  th e  f ra c tio n  < 2 m. m.  
a n a ly se d  (T a b le  3 .1 2 ).
T h e  c a lc u la te d  lime re q u ire m e n t in c re a s e s  th e  pH of th e  ac id  
spoils ab o v e  th e  ta r g e t  v a lu e  of 6 . 2,  s u g g e s tin g  th a t  th e re  is  u n re a c te d  
C a ( O H ) 2 in  th e  sp o il. T h e  lime re q u ire m e n t m ethod  u se d  is  b a se d  on 
field  so ils  a n d  i t  is  n o t u n re a so n a b le  to assum e th a t  in  th e  f ie ld , o v e r  a 
full g row ing  s e a s o n , re a c tio n  w ith  th e  spoil a n d  leach in g  lo sse s  w ould
T able 3 .1 1 . E ffect of lime and  p h o sp h o ru s  tre a tm e n ts  on ro o t grow th
T re a tm e n t R oot w e ig h t(m g /p o t)
WS 1 76
2 124
3 87
4 16
5 129
6 35
7 85
8 152
9 96
LG 1 23
2 23
3 16
4 41
5 90
6 53
7 44
8 150
9 87
DK 4 53
5 150
6 253
7 67
8 69
9 90
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r e d u c e  th e  e f fe c t of th e  lim e. I t  may be, th e re fo re , th a t  th e  lime r e q u i r e ­
m ent is  o v e r-e s tim a te d  fo r  g row th -ro o m  co n d itio n s  b y  th is  m ethod . T he  
c a p a c ity  of th e  sp o il to  a d s o rb  p h o sp h o ru s  is  in c re a s e d  b y  lim ing ( th e r e b y  
r e d u c in g  th e  e f fe c tiv e n e ss  of an y  a d d ed  p h o s p h o ru s )  b y  p re c ip ita tio n  of 
calcium  p h o s p h a te  com pounds w hich  will, how ever, b re a k  down if  th e  pH 
d ro p s  ag a in , w hile th e  e x tra c ta b i l i ty  of n a tiv e  p h o s p h o ru s  is  a lso  r e d u c e d  
b y  lim ing (W insor an d  L ong 1963).
3 . 9 . 6  E ffec t of lim ing ac id  spo il on th e  level of ace tic  ac id  e x tra c ta b le  
iro n  an d  alum inium
W aterside  an d  L ogan lee  p o ts  re c e iv in g  th e  low lime tre a tm e n t an d  
no a d d e d  p h o sp h o ru s  w ere  e x t r a c te d  w ith  0. 5M ace tic  ac id  to  m easu re  th e
I
e ffe c t of lim ing on th e  lev e l of "availab le" Fe and  A il, i . e .  so il so lu tio n  an d  
re a d ily  e x c h a n g e a b le  (M itchell 1971). -  See T ab le  3 .13 .
E x tra c tio n  p ro c e d u re  
M ethod
A p p ro x im ate ly  lOg of a i r - d r y  < 2 m. m.  spo il w as s h a k e n  w ith  
100 ml of 0.5M ace tic  ac id  on an  e n d -o v e r -e n d  s h a k e r  fo r 18 h r s .  A f te r  
f i l te r in g  th ro u g h  a W hatm an's No. 42 f il te r  p a p e r  th e  c o n c e n tra tio n  of Fe 
a n d  Ail was m e asu re d  on a P e rk in  Elm er model 370A.
A s T ab le  3 .13  show s, lim ing re d u c e s  th e  a v a ilab ility  of Fe an d  
Ail in  ag ree m en t w ith  P u lfo rd  (1976), K im ber (1982) w ho fo u n d  a n e g a tiv e  
re la tio n sh ip  b e tw een  pH an d  th e  le v e ls  of ace tic  a c id -e x tra c ta b le  Fe an d  
Ail in  co llie ry  sp o il.
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T ab le  3 .1 3 . E ffe c t of lim ing on pH , ace tic  a c id -e x tra c ta b le  iro n  
a n d  alum inium
A cetic A cid 
E x tra c ta b le  ( | i g / g )
Fe h i pH
WATERSIDE UNLIMED 84 105 4 .1
LIMED 49 66 7.4
LOGANLEE UNLIMED 158 185 3.8
LIMED 88 74 7.2
3.10 SUMMARY
Y ield of Lolium p e re n n e  on th e  le ss  ac id  spoil (W aterside  pH
4 .1 ) is  f a r  g r e a te r  th a n  on L oganlee spo il (pH  3. 8)  w hich  show ed very-
p o o r g ro w th  w ith o u t am endm ent a n d  no re -g ro w th  a f te r  th e  f i r s t  h a r v e s t .
Liming a t  th e  low er r a te  in c re a s e s  y ie ld  on b o th  ac id  spo ils
an d  a t  each  lev e l of p h o s p h o ru s  ad d itio n  (20 a n d  40 k g / h a )  d e sp ite
re d u c in g  th e  lev e l of N H ^ F -e x tra c ta b le  p h o s p h o ru s  (b o th  n a tiv e  and
a p p l ie d ) , s u g g e s tin g  th a t  s h o r ta g e  of p h o s p h o ru s  is  n o t th e  m ost lim it-
(£•***« 'fa uitw *T£ with r Q .
ing  fa c to r  in  un lim ed  sp o ils^  T he leve l of a c e tic -e x tr a c ta b le  A£ is
r e d u c e d  b y  lim ing an d  it  may be  th is  fa c to r  w hich  in c re a s e s  p la n t g ro w th  
(Foy  e t al. 1965, K u n ish i 1982). Liming also  in c re a s e s  th e  p h o sp h a te  
a d so rp tio n  c a p a c ity  of th e  spoil (M okw unye 1975) a n d  g re a tly  re d u c e s  
th e  p h o s p h o ru s  c o n te n t of th e  h e rb a g e  (N elle r 1953, W insor an d  Long
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1963) d u e  to f ix a t io n  b y  ex ce ss  calcium.
A dd it ion  of lime a t  th e  h ig h e r  r a t e ,  to in c lu d e  an  allowance 
fo r  p y r i t e  c o n te n t ,  f u r t h e r  r e d u c e s  N H ^ F -e x tra c ta b le  p h o s p h o ru s  a n d  
d e c re a s e s  y ie ld  in  p h o s p h o ru s - f e r t i l i z e d  spoil com pared  to th e  low lime 
t r e a tm e n ts ,  in d ic a t in g  t h a t  in  limed spoil, p h o s p h o r u s  is  th e  limiting 
f a c to r .  F i t t e r  a n d  B rad sh aw  (1974) fo u n d  similar r e s u l t s  in a po t 
e x p e r im e n t  w ith  Lolium p e re n n e  on acid  colliery  spo il ,  i . e .  liming 
in c r e a s e d  y ie ld  on spoil w ith  pH < 4 b u t  r e d u c e d  y ie ld  if  pH > 4.
P h o s p h o ru s  fe r ti l iza tion  in c re a s e s  th e  lev e l  of N H ^ F -ex trac tab le  
p h o s p h o ru s  a n d  c o n se q u e n t ly  th e  p la n t  p h o s p h o ru s  c o n te n t  (Volk a n d  
McLean 1963). A dd it ion  of 20 k g  P /h a  in c re a s e s  p la n t  y ie ld  in all sp o ils ,  
W aters ide  g iv ing  a b e t t e r  r e sp o n s e  th a n  th e  more ac id  Loganlee  spoil 
( F i t t e r  a n d  B ra d s h a w  1974).
T h e se  r e s u l t s  show th a t  i t  is n o t  on ly  a s h o r ta g e  of p h o s p h o ru s  
w hich  i s  lim iting p la n t  g r o w th ,b u t  th a t  th e  acidic  n a t u r e  of th e  spoil also 
has  a major in f lu e n c e  on p la n t  y ie ld .  T he  h ig h e s t  y ie ld  o b ta ined  on ac id  
spoil i s  w ith  th e  low er liming r a te  a n d  add it io n  of p h o s p h o ru s  a t  40 k g / h a ,  
while w ith  D y k e h e a d  spo il ,  h ig h  p h o s p h o ru s  r a t e  a n d  no lime, i . e .  
t r e a tm e n t  6 in  each  case ; d e sp i te  th e  r e la t iv e ly  h ig h  pH of D y kehead  
(pH 7 .0 )  t h e r e  is  no  "free"  Ca in t r e a tm e n ts  4, 5 a n d  6 . A dding  
p h o s p h o r u s  to  each  spo il ,  limed a n d  unlim ed, in c r e a s e s  th e  level of NH^F- 
e x t r a c ta b le  p h o s p h o r u s ,  b u t  th is  does n o t  in  i t se lf  in d u c e  g r e a t e r  y ie ld  
s ince  W aters ide  a n d  Loganlee spoils  h a v e  h ig h e r  spo il p h o s p h o ru s  leve ls  
w hen no  lime is  a d d e d  ( t r e a tm e n ts  2 a n d  3) th a n  th e  h ig h e s t  y ie ld ing  
t r e a tm e n t  6 .
In  o r d e r  to ach iev e  h ig h e s t  y ie ld ,  th e r e f o r e ,  ac id  spoil s h o u ld  
b e  lim ed to  pH 6 -7 ,  while spoil w ith  n e u t r a l  rea c t io n  sh o u ld  re c e iv e  no 
lim e, r e g a r d l e s s  of p y r i t e  c o n te n t ,  s in ce  "overlim ing" r e s u l t s  in lo ss  of 
a p p l ie d  p h o s p h o ru s  a n d  a r e d u c t io n  in th e  level of n a t iv e  spoil p h o s p h o ­
r u s .  P ro v id e d  th a t  N a n d  K le v e ls  a r e  a d e q u a te  Lolium p e re n n e  
b e n e f i t s  from th e  add it ion  of lime a n d  p h o s p h o r u s ,  y ie ld  in c re a s in g  w ith  
h ig h e r  p h o s p h o r u s  fe r t i l iz a t io n  u p  to a n d  in c lu d in g  a r a t e  of 40 k g / h a ,  
th e  h ig h e s t  r a t e  u s e d  in th is  s tu d y ,  w ith  p o ss ib ly  g r e a te r  y ie ld  if  
h ig h e r  app lica tion  ra te s  of P w ere used.
B y no t in c lu d in g  an  allowance in  th e  level of lime a d d e d  fo r  
th e  p y r i t e  c o n te n t  of th e  spoil in th e  f ie ld ,  ac id  p ro d u c t io n  d u e  to 
p y r i t e  ox ida tion  an d  loss  of lime b y  le ach in g  may re d u c e  th e  pH to  an  
in ju r io u s  level.  If  th is  o c c u r r e d ,  th e  rem edy  fo r  lo n g - te rm  b e n e f i t  of 
th e  spoil would b e  to  r e - a p p ly  lime, a t  a r a t e  d e te rm in e d  b y  a n a ly s i s ,  
a n d  p lo u g h in g  th e  v e g e ta t io n  u n d e r ,  w ith  fe r t i l iz a tio n  i f  n e c e s s a r y ,  
t h e r e b y  r e - e s ta b l i s h in g  su i ta b le  spoil co n d i t io n s .
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CHAPTER 4
CATION EXCHANGE REACTIONS IN COLLIERY SPOIL
4 .1  INTRODUCTION
C ation  e x c h a n g e  is  th e  r e v e r s ib le  p ro c e s s  b y  w hich  ca t io n s  a re  
e x c h a n g e d  be tw een  solid  a n d  liq u id  p h a s e s ,  a n d  b e tw ee n  so lid  p h a s e s  if  
in  close co n ta c t  w ith  eac h  o th e r .  T h e  solid  com ponent of th e  soil is 
m ade u p  of p r im a ry  m in e ra ls ,  c lay  m inera ls  a n d  h y d r o u s  o x id e s ,  to g e th e r  
w ith  o rg an ic  m a tte r  a n d  liv in g  o rg a n is m s ,  form ing a sy s tem  of more o r  
le s s  d is c re te  p a r t i c le s  o r  a g g r e g a te s .  In  th is  h e te ro g e n e o u s  sy s tem  th e  
soil so lu tion  a c ts  a s  th e  medium b y  w hich  chemical r e a c t io n s  b e tw een  
m em bers  of th e  d i f f e r e n t  p h a s e s  a n d  of th e  same p h a s e  a r e  made p o ss ib le  
w hen  th e  r e a c ta n t s  a r e  n o t  in d i r e c t  c o n ta c t .
Chemical a n d  p h y s ic a l  p ro c e s s e s  more o r  le s s  in t im ate ly  
c o n n e c te d  w ith  ion e x c h a n g e  in c lu d e  w ea th e r in g  of m in e ra ls ,  n u t r i e n t  
a b s o rp t io n  b y  p la n ts ,  sw e ll ing ,  s h r in k a g e ,  a n d  leach in g  of e le c t ro ly te s ,  
t h u s  ion ex c h a n g e  may be  r e g a r d e d  as  one of th e  most im p o r ta n t  of all 
th e  p ro c e s s e s  o c c u r r in g  in a soil.
T he  ca t ions  h e ld  on th e  s u r f a c e  of soil m in e ra ls ,  a n d  within 
th e  c r y s ta l  fram ew ork  of some m ineral s p e c ie s ,  can  b e  r e v e r s ib l y  re p la c e d  
b y  th o se  of s a l t  so lu t io n s ,  th e  sum of all cationic sp ec ie s  l ib e ra te d  b y  
s u c h  r e a c t io n s  b e in g  a m e asu re  of th e  cation e x c h a n g e  c a p a c i ty  (CEC) 
of th e  soil. T he  ca tion  e x c h a n g e  cap a c ity  of a soil o r  spoil is  th e  to ta l 
n u m b e r  of e x c h a n g e  s i te s  of b o th  o rg an ic  an d  mineral o r ig in ,  th e s e  be ing
occu p ied  p r in c ip a l ly  b y  Ca^ + , Mg^+, K + a n d  N a+ in te m p e ra te  so ils .
CEC th e r e f o r e  r e p r e s e n t s  th e  to ta l  n u t r i e n t  s u p p ly in g  cap a c ity  of a 
soil, i . e .  i t  is  a m e a su re  of th e  to ta l  n u m b e r  of e x c h a n g e  s i te s  availab le  
to h o ld  p la n t  n u t r i e n t s  fo r  u p ta k e .  T h e  p ro p o r t io n  of th e s e  s i te s  
ac tua lly  o ccu p ied  can  b e  m e a su re d  b y  leach in g  th e  soil w ith a sa l t  
so lu t io n ,  e . g .  ammonium a c e ta te ,  rep la c in g  all ca t io n s  w ith  NH^ b y  mass 
ac t io n ,  a n d  th e  Ca^ + , M g^+, K + and  N a+ c o n te n t  of th e  le ach a te  d e t e r ­
mined -  th is  r e p r e s e n t s  th e  level of e x c h a n g e a b le  b a s e s  in th e  soil.
C oll ie ry  spo il is  b y  n a tu r e  a po o r  g ro w th  medium a n d  r e q u i r e s  
the  a d d i t io n  of n u t r i e n t s ,  n o ta b ly  n i t ro g e n  a n d  p h o s p h o r u s ,  fo r  p la n t  
g ro w th .  H ow ever ,  l i t t le  w o rk  h as  been  done to  e v a lu a te  spoil as  a 
r e s e r v o i r  of e x c h a n g e a b le  ca t ions  o r  to m e a su re  i t s  c a p a c i ty  to hold  
ad d e d  ca t io n s  in an  e x c h a n g e a b le  form. T h e  w ork  d e s c r ib e d  in th is  
c h a p te r  was c a r r i e d  o u t  to  in v e s t ig a te  th e s e  f a c to r s ,  a n d  to de term ine  
the  ro le  of th e  am o rp h o u s  oxide  f rac t io n  in ca tion  e x c h a n g e  re a c t io n s .
4. 2 T h e  C ation  E x c h a n g e  Complex
T h e  n e g a t iv e  c h a r g e s  ac t ive  in ca tion  e x c h a n g e  re a c t io n s  in 
th e  soil a r is e  in  3 w ays:
1. C a tion  s u b s t i tu t io n  w ithin  m ineral l a y e r s
2. B ro k e n  e d g e  b o n d s
3. H + ion iz ing  from o rgan ic  soil collo ids.
4 .2 .1  C ation  s u b s t i tu t io n
C ation  s u b s t i tu t io n  o cc u rs  w ith in  th e  m inera l la y e rs  of all 2:1 
la y e r  s i l ic a te s ,  w hich  c o n s is t  of an  aluminium o c ta h e d ra l  s h e e t  ly ing
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b e tw ee n  two silica  t e t r a h e d r a l  s h e e t s .  D u r in g  form ation  some of the  
aluminium atom s of th e  o c ta h e d ra l  la y e r  may b e  r e p la c e d  b y  magnesium 
atoms d u e  to  th e i r  sim ilar atomic s ize . T h e  s u b s t i tu t io n  of each d iva len t  
atom fo r  a t r i v a l e n t  atom le av es  one u n s a t i s f i e d  n e g a t iv e  c h a rg e  on th e  
la t t ic e ,  w h ich  may b e  b a la n c e d  b y  ca tions  h e ld  n e a r  th e  e x ch a n g e  s u r fa c e .  
C h a rg e s  a r is in g  from ca tion  su b s t i tu t io n  c o n t r ib u te  to w ard s  th e  cation 
e x c h a n g e  c a p a c i ty  if th e  co u n te r io n s  a r e  h e ld  a t  th e  o u te r  su r fa c e  of 
th e  p a r t i c l e ,  while th o se  h e ld  be tw een  th e  la y e r s  a re  exch an g eab le  only 
if th e  la t t ic e  e x p a n d s ,  a s  in m ontmorillonite a n d  v e rm icu li te ,  b u t  a re  n o n ­
ex c h a n g e a b le  due  to  in a ccess ib il i ty  in  th e  n o n -e x p a n d in g  la t t ic e s .
T ab le  4 .1  l i s t s  t h e  cation  ex c h a n g e  cap a c ity  of th e  major silicate c lays .  
C h a rg e  d u e  to  ca tion  s u b s t i tu t io n  is a p e rm a n e n t  c h a rg e  a n d  is no t pH 
d e p e n d e n t  (F o th  1984).
T ab le  4 ,1 . C a tion  e x c h a n g e  capac it ies  of soil c lays  (Thom pson and
T ro e h 1973)
M ineral Lattice CEC rang e(m e/1 0 0 g )
K aolin ite 1:1  n o n -e x p a n d in g 3-15
C h lo r i te 2:1 p a r t ia l ly  e x p a n d e d 20-40
Ill i te 2 : 1 n o n -e x p a n d in g 20-40
M ontm orillonite 2:1 ex p an d in g 60-100
V erm icu lite 2:1 p a r t ia l ly  e x p a n d e d 100-200
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4 .2 .2  B ro k e n  ed g e  b o n d s
All m ineral la t t i c e s  w hich a re  h e ld  to g e th e r  b y  c o n t in u o u s  
s e q u e n c e s  of ionic b o n d s  p o s s e s s  u n s a t i s f ie d  c h a rg e s  a t  th e  e d g e  of 
th e  s t r u c t u r e .  T he  am ount of c h a rg e  a s so c ia te d  with th e s e  b o n d s  
in c r e a s e s  w ith  d e c re a s in g  p a r t ic le  size a n d  r e a c h e s  a maximum in allo- 
p h a n e ,  an  am o rp h o u s  c lay  w hich in c lu d es  th e  b u i ld in g  b locks  of 
m in e ra ls ;  t e t r a h e d r a  co n ta in in g  silica a n d  o c ta h e d ra  con ta in ing  
a lum in ium , m agnesium  a n d  i ro n ,  a n d  w hich h a s  a la rg e  p H -d e p e n d e n t  
ca t ion  e x c h a n g e  c a p a c i ty ,  in c re a s in g  r a p id ly  in th e  r a n g e  pH 4-10 
d u e  to  s u r f a c e  h y d ro x y l  g ro u p  ionization  (F ie ld s  an d  C la r id g e  1975) .
All c h a r g e s  a r i s in g  from b ro k e n  ed g e  b o n d s  a re  p H -d e p e n d e n t  a n d  may 
b e  r e p r e s e n t e d  in  a simple form as  shown in F ig .  4 .1 .
F ig .  4 .1  C h a rg e  a r is in g  from h y d ro x y l  g ro u p  ionization in  c lay  
m inera ls .
4 .2 .3  O rg an ic  soil colloids
T h e  colloidal o rg an ic  f ra c t io n ,  o r  h u m u s ,  in  th e  soil does 
n o t  h a v e  a s in g le  s t r u c t u r a l  form ula b u t  is  com posed bas ica lly  of 
c a r b o n ,  h y d r o g e n  a n d  o x y g e n .  I t  h a s  a much h ig h e r  cation  ex c h a n g e  
c a p a c i ty  th a n  th e  s ilica te  c la y s ,  200-300 me/lOOg of w ell-hum ified
/ ,OH n -O
O
Si
Si
+ O H "
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o rg a n ic  m a t te r ,  th e  c h a r g e s  a r is in g  from th e  ion ization  of H from 
c a rb o x y l  a n d  phenolic  h y d r o x y l  fu n c t io n s  (F ig .  4 .2)
Orqanic
Fraction > OH
 C *
s OH
> OH
N O’
> 0 -
F ig .  4 .2 .  C h a rg e  a r i s in g  from h y d ro x y l  g ro u p  ionization  in o rg an ic  
m a t te r .
T h e  c h a rg e  on th e  hum us  colloid is p H -d e p e n d e n t  (S aw h n ey  
e t  a l .  1970, F o th  1984) , d e c re a s in g  u n d e r  acid  cond itions  w hen  h y d ro g e n  
is  t i g h t ly  b o u n d  to  th e  colloidal s u r f a c e .  As well as  s u r f a c e  a d s o rp t io n  
show n in  F ig .  4 .2 ,  fu n c t io n a l  g ro u p s  w ithin th e  hum us s t r u c t u r e  also 
c o n t r ib u te  to  th e  cation  e x c h a n g e  c a p a c i ty .  Microbial a n d  chemical 
b re a k d o w n  of o rgan ic  m a tte r  in  th e  soil ex p o ses  f u r t h e r  fu n c t io n a l  g ro u p s  
fo r  r e a c t io n ,  th u s  in c re a s in g  th e  cation  ex ch a n g e  cap a c i ty .  A s a r e s u l t ,  
o r g a n ic - r ic h  soils h av e  h ig h  cation  ex ch a n g e  cap a c i t ie s ,  p r im a r i ly  due  to 
th e  o rg an ic  f rac t io n  (p H -d e p e n d e n t )  w ith  smaller c o n t r ib u t io n s  from th e  
m ineral f rac t io n  (m ainly a p e rm a n e n t  c h a rg e )  (Wada a n d  Wada 1985).
1 6 8
4. 3 Soil E x c h a n g e  R eac tio n s
T h e  ca t ion  sp ec ie s  a d s o rb e d  b y  th e  ca t ion  e x c h a n g e  complex 
in  th e  soil is  g o v e rn e d  b y  3 f a c to r s .
1. T h e  ava ilab le  s u p p ly  of each  cation
2. T h e  i n t e n s i ty  of leach ing  a n d  o th e r  rem oval p ro c e s s e s
3. T h e  s t r e n g t h  w ith  w hich  each  ca tion  is  a d s o rb e d .
4 .3 .1  Cation  av a i lab i l i ty
T h e  ava i lab le  s u p p ly  of each  cation  c o n s is t s  of io n s  which 
h a v e  b e e n  r e c y c le d  t h r o u g h  p la n ts  a n d  soil fau n a  a n d  r e t u r n e d  to  th e  
so il,  a n d  f r e s h  su p p l ie s  e i th e r  from mineral w e a th e r in g  o r  a d d e d  as 
f e r t i l i z e r .  W ea ther ing  is th e  p ro c e s s  b y  w hich  ro c k s  a re  b ro k e n  down 
chem ically  a n d  p h y s ic a l ly ,  w ith th e  s u b s e q u e n t  r e le a se  of ca t io n s  an d  
an ions  from th e  m inera l com ponen ts .  Some of th e  so lub le  p r o d u c t s  may 
b e  rem oved  from th e  re a c t io n  s ite  b y  le a c h in g ,  b u t  some may be  
a d s o rb e d  on th e  c lay  m in e ra ls ,  o r  may combine w ith  o th e r  p ro d u c t s  to 
form clay m in e ra ls .  C a^ +, Mg^+, K + an d  Na + , to g e th e r  w ith  o th e r  
c a t io n s ,  a d s o r b e d  b y  th e  c lay  an d  o rgan ic  m a t te r  a r e  in  th is  way made 
availab le  to  p l a n t s ,  a n d  a l th o u g h  th e  am ount b r o u g h t  in to  th e  e x c h a n g e ­
ab le  pool r e p r e s e n t s  only  a f rac t io n  of th a t  s to r e d  in th e  m ineral 
f ra c t io n  i t  p ro v id e s  a c o n t in u o u s  su p p ly  of p la n t  n u t r i e n t s .
A dd ition  of com pound fe r t i l iz e rs  in c re a s e  th e  level of ava il­
able  n i t r o g e n ,  p h o s p h o r u s  a n d  potassium  b u t  th e  p u r i t y  of in o rg an ic  
f e r t i l iz e r s  m eans th a t  m inor e lem ents a re  n o t  in c lu d e d ,  a l th o u g h  form u­
la t io n s  a re  ava i lab le  w hich  su p p ly  specific  c a t io n s ,  e . g .  Zn , C u  , 
Mn^+ e tc .  if th e s e  a r e  spec if ica l ly  r e q u i r e d  b y  a c ro p .  O rgan ic
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f e r t i l i z e r s  s u c h  a s  fa rm y a rd  m a n u re ,  p la n t  r e s id u e s  a n d  sew age  s lu d g e  
s u p p ly  a w ider  r a n g e  of n u t r i e n t s  th a n  in o rg a n ic  fo rm s a n d  also a d d  
o rg a n ic  m a t te r  to  th e  soil w hich will im prove  soil s t r u c t u r e  a n d  may 
accum ula te  a s  h u m u s ,  t h u s  in c re a s in g  th e  so il 's  ca t ion  e x c h a n g e  ca p a c i ty .
4 .3 .2  C ation  rem oval p ro c e s s e s
L ea ch in g  rem oves  ex ce ss  so lub le  s a l t s ,  i . e .  th o se  n o t  h e ld  on 
th e  e x c h a n g e  com plex , while removal of a d s o r b e d  ca t io n s  in v o lv es  an 
e x c h a n g e  r e a c t io n .  d isso lv ing  in  r a in w a te r ,  a n d  decom posing
o rg a n ic  m a tte r  a r e  s o u rc e s  of H+ ions w hich  r e p la c e  a d s o rb e d  ca t io n s ,  
th e  l a t t e r  b e in g  le a c h e d  from th e  soil. T h e  o th e r  main cation  rem oval 
p r o c e s s  is lo ss  t h r o u g h  p la n t  u p ta k e ,  th e  e x a c t  am ount ta k e n  u p  b y  a 
c rop  d e p e n d in g  on soil cond itions  a n d  th e  p la n t  s p e c ie s .  T h is  lo ss  is 
on ly  te m p o ra ry  if th e  c rop  is  p lo u g h e d  u n d e r  a s  a g re e n  m a n u re ,  as  
b re a k d o w n  of th e  p la n t  m ateria l in th e  soil r e le a s e s  i t s  c o n s t i tu e n t  
m in e ra ls .  H ow ever ,  c rop  rem oval r e p r e s e n t s  a c o n t in u o u s  d ra in  on th e  
soil n u t r i e n t  r e s e r v e s .
4 .3 .3  C ation  a d s o rp t io n
T h e  s t r e n g t h  of th e  a t t r a c t iv e  fo rc e  b e tw ee n  a cation  a n d  th e  
e x c h a n g e  complex d e p e n d s  on th e  c h a rg e  of th e  c a t io n ,  th e  c h a rg e  
d e n s i ty  on th e  e x c h a n g e  s u r fa c e  and  how close  th e  ca tion  can  come to 
th e  e x c h a n g e  s i t e s .  T h e  c lo sen ess  of a p p ro a c h  is  lim ited b y  th e  am ount 
of w a te r  of h y d ra t io n  c a r r i e d  b y  th e  ion , w ith  h ig h e r  c h a rg e  an d  smaller 
n o n - h y d r a t e d  s ize b o th  g iv ing  a l a rg e r  h y d r a t e d  io n .  T h e  seq u en ce  
of r e la t iv e  a t t r a c t iv e  fo rc e s ,  re f le c t in g  b o th  th e  c h a rg e  an d  h y d r a te d  
size of th e  ca t io n s  is  > C a^ + > Mg^+ > K + = NH^ > Na + , an d  th is
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s o -c a l le d  ly o tro p h ic  s e r ie s  r e p r e s e n t s  a p r e f e r e n t i a l  ad so rp t io n  s e q u e n c e ,  
i . e .  ca tion  e x c h a n g e  s i te s  a d s o rb  more of a ca t ion  e a r ly  in  th e  s e q u e n c e  
th a n  of one l a t e r  in th e  s e q u e n c e  if th e  two a r e  p r e s e n t  in e q u iv a le n t  
a m o u n ts ,  h o w e v e r ,  p r e f e r e n t ia l  a d s o rp t io n  can  be overcom e b y  an ion 
t h a t  is  m uch more c o n c e n t ra te d  th a n  th e  o th e r s  in th e  soil so lu tion .
4. 4 S o u rc e s  of E x c h a n g eab le  B ases
Calcium ions  a re  s t r o n g ly  a d s o r b e d  on cation  ex c h a n g e  s i t e s ,  
d u e  to  th e  small h y d r a t e d  size of th e  d iv a le n t  ion , a n d  accoun t fo r  80-85% 
of th e  ex c h a n g e a b le  b a s e s  in a ra b le  soils (K elley  1964, Thom pson a n d  
T ro e h  1973). Calcium m inera ls  in c lu d e  f e ld s p a r  CaA&2Si2 0 g, a p a t i te  
C a^ (F  ,C £ ) /(PO ^) g, gypsum  C aSO ^, dolomite C aM gCCO ^^ and  ca lc ite  
CaCO g, w hich  re le a se  availab le  C a ^ +, th e  form in  w hich calcium is ta k e n  
u p  b y  p la n ts .  T h e re  is no  s ig n if ic a n t  f ixa t ion  of C a^ + in to  u n av a i lab le  
fo rm s ,  lo s se s  b e in g  mainly as calcium b ic a rb o n a te  form ed by  ra in w a te r  
r e a c t in g  w ith  c a rb o n a te  m in e ra ls .
M agnesium m inera ls  in c lu d e  b io t i te  ^ (S ig A J^ M M g jF e Jg C ^ Q O H ^ , 
s e r p e n t in e  M g^Si^O ^^O FO g, o liv ine (M g jF e ^ S iO ^  an d  dolomite C a M g ^ O g ) ^ ,  
h o w e v e r ,  th e  main su p p ly  of Mg^+ to  p la n ts  is th e  b reak d o w n  of c lay  
m in e ra ls .  Up to 65% of soil m agnesium  is in th e  c lay  f rac t io n  (Salm on 1963), 
w hich  w e a th e rs  su f f ic ie n t ly  r a p id ly  in  th e  soil to make good an y  n e t  loss  
of m agnesium  th r o u g h  leach in g  o r  c ro p  rem oval.  12-18% of th e  e x c h a n g e ­
ab le  b a s e s  a r e  norm ally  Mg^+ ions  (T hom pson  a n d  T ro eh  1973) a n d  if lime 
is  ap p l ied  as dolomitic lim es tone ,  m agnesium  lev e ls  sh o u ld  n o t  be  lim iting  
to  p la n t  g ro w th .
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P o ta s s iu m -c o n ta in in g  m inera ls  inc lude  f e ld s p a r  (K ,Na)AASigOg, 
b io t i te  S i g A j ^ A i ^ C ^ Q ^ H ) ^  an<3 c lay  m inerals  w hich b r e a k  down to 
re le a s e  availab le  p o tass ium , a n d  a co n t in u o u s  movement of K + b e tw e e n  
th e  f ix e d  K + (in  th e  l a t t i c e ) ,  e x c h a n g e a b le  K + (on th e  cation e x c h a n g e  
complex) a so lu tion  K + (p la n t  ava ilab le )  o c c u r s .  T h ese  re a c t io n s  a re  
r e v e r s ib l e  s ince  K + ions  r e le a s e d  b y  w e a th e r in g  can  be a d s o rb e d  on th e  
e x c h a n g e  complex o r  may r e - e n t e r  th e  clay o r  b io t i te  la t t ic e  a n d  become 
f ix e d .  D iffusion  of K + from e x c h a n g e  s i te s  t h r o u g h  th e  soil so lu tion  
a c c o u n ts  fo r  a b o u t  90% of K + u p ta k e  b y  p la n ts  (F o th  1984) a n d  rem oval 
from th e  soil so lu tion  c a u s e s  d issoc ia t ion  of K + from th e  e x c h a n g e  s i te s  
to m ain ta in  th e  equ i lb r ium  of th e  sy s te m .  Acid b reak d o w n  of c lay  
m inera ls  in  co llie ry  spoil e n s u r e s  an  a d e q u a te  s u p p ly  of po tass ium  fo r  
p la n t  u p ta k e  (Bloomfield 1982), th e  minimum level of 0 .1  me/lOOg o r  
2-3% of th e  to ta l  e x c h a n g e a b le  b a se  c o n te n t  recom m ended by  F o th  (1984) 
fo r  p la n t  r e q u i re m e n ts  b e in g  e x c e e d e d  in  all spoils  in th is  w ork  (T ab le  
4 .6 ) .
Sodium o c c u r s  in  f e ld s p a r  (K ,N a)A £SigOg a n d  h o rn b le n d e  
N aC a2(Mg ,Fe) ^( A £ ,F e )  ( SiAJl) g0 ^2( OH ,F) 2 , sodium fe ld s p a r  w e a th e r in g  
more r a p id ly  th a n  po ta ss ium  f e ld s p a r .  N a+ is th e  e a s ie s t  bas ic  ca tion  
le a c h e d  from soil a s  i t  is le ss  t ig h t ly  h e ld  on cation e x c h a n g e  s i te s  th a n  
C a^ +, Mg^+ o r  K +. N a + a c c o u n ts  fo r  1-2% of th e  to ta l  ex c h a n g e a b le  
b a s e s  in  a ra b le  soils  (F o th  1984) a n d  a l th o u g h  it  h a s  n o t  b e e n  show n to 
be  e s s e n t ia l  fo r  p la n t  g ro w th  some ev id en ce  show s th a t  i t  may p a r t ia l ly  
s u b s t i t u t e  fo r  K + in  m eeting p la n t  r e q u i re m e n ts  (T hom pson  a n d  T ro e h  
1973).
4. 5 C ation E xchange C apacity  of Colliery Spoil
T h e  ca tion  e x c h a n g e  cap ac ity  of colliery  spo il ,  w hich  is  almost 
in v a r ia b ly  low in o rg a n ic  m a t te r ,  will be  d u e  p r in c ip a l ly  to  isom orphous  
s u b s t i tu t io n  a n d  b r o k e n  ed g e  b o n d s ,  a n d  may be  co m p ared  to a mineral 
soil low in o rg an ic  m a t te r .  Smith e t  al. (1971) fo u n d  th a t  th e  CEC of 
s u r f a c e  soils  was c o n s i s te n t ly  h ig h e r  th a n  th a t  of i ro n  o re  spoil in West 
V irg in ia .  H ow ever,  in many c a se s  th e  spoils  h a d  h ig h e r  CEC th a n  th e  
soil h o r izo n s  below 15 cm, th e  d e c re a se  in CEC of th e  soils w ith  d e p th  
b e in g  d u e  to low er o rg a n ic  m a tte r  le v e ls ,  v a lu es  fo r  th e  spoils  be ing  
6.8  a n d  11.6 me/lOOg w hich  may be com pared  to  r e s u l t s  r e p o r t e d  by  
o th e r s  fo r  co llie ry  spo il .  A b b o t t  a n d  Bacon (1977) r e p o r te d  th e  CEC of 
co llie ry  spoil in  E a s t e r n  C an ad a  v a ry in g  be tw een  8 .6  a n d  9 .6  me/lOOg, 
while S tu c k y  e t  a l .  ( 1980) w ork ing  on Illinois s t r ip -m in e  w aste  w ith an 
o rg a n ic  m a tte r  c o n te n t  of 2.7% fo u n d  an  a v e ra g e  CEC of 11.7  me/lOOg.
S tu c k y  e t  a l. (1980) fo u n d  in g row th  e x p e r im e n ts  on spoil 
t r e a t e d  w ith  sew age s lu d g e  t h a t  p la n ts  would grow u n d e r  cond itions  in 
w h ich  th e  leve l of av a i lab le  t r a c e  m etals (b o th  ava ilab le  in  th e  spoil an d  
a d d e d  in th e  sew age  s lu d g e )  e x ce ed ed  am ounts  know n to be  capab le  of 
in d u c in g  p h y to to x ic  e f fe c ts  o r  re d u c in g  g ro w th .  Among th e  mechanisms 
p ro p o s e d  fo r  th e  r e d u c t io n  in th e  am ount of t r a c e  m etals  availab le  to 
th e  p la n t  w ere  (a)  re a c t io n  of ca t ions  with c a rb o x y l  a n d  phenolic  
fu n c t io n a l  g ro u p s  of th e  o rg an ic  colloid, an d  (b )  a d s o rp t io n  of ca tions  on 
c lay  m in era ls .  T h is  exam ple i l lu s t r a t e s  th e  cation e x c h a n g e  p ro p e r t i e s  
of co llie ry  spo il ,  in  th i s  case  th e  ca t ions  be ing  t r a c e  m etals .
A n o th e r  exam ple can  be  d raw n  from t r a c e  metal a n a ly s is  which 
show s spoil e x c h a n g e  re a c t io n s  of s ign if icance  w hen  c o n s id e r in g  the
cation  e x c h a n g e  p r o p e r t i e s  of a spoil.  In  soils th e  h y d r o u s  ox ides  of 
i r o n , aluminium a n d  m anganese  hold s ig n if ican t  p r o p o r t i o n s  of some t r a c e  
metal ions b y  e x c h a n g e  a d s o rp t io n ,  th e  am ount of a d s o r b e d  spec ies  
v a r y in g  w ith  soil pH du e  to th e  p H -d e p e n d e n c y  of th e  c h a rg e  on th e  
ox ide  f ra c t io n  (C h i ld s  a n d  Leslie 1977, Jo n es  a n d  J a r v i s  1981, Kimber 
1982).
E x t ra c t io n  of colliery  spoil w ith  acid  ammonium oxala te  (Tam m 's 
r e a g e n t )  show s t h a t  t h e r e  is a s ig n if ican t  oxide f r a c t io n ,  th e  oxa la te -  
e x t r a c ta b le  com ponen t v a ry in g  g re a t ly  from s i te  to s i te .  Kimber (1982) 
fo u n d  le v e ls  of o x a la te - e x t r a c ta b le  i ro n ,  aluminium a n d  m anganese  in 
u n b u r n t  S co t t ish  co l l ie ry  spoil r a n g in g  from 1-4 ,420 ,  8-960 a n d  l -5 3 6 |ig /g  
r e s p e c t iv e ly ,  a n d  th e  p o ss ib il i ty  is in v e s t ig a te d  h e r e  t h a t  th e se  ox ides  
may in f lu e n c e  th e  ca tion  e x ch a n g e  p r o p e r t i e s  of th e  spo il .  Tamm's 
r e a g e n t  ( s e e  C h a p te r  3) specifica lly  d isso lv es  am o rp h o u s  o x id e s ,  th e  
a g e d  o r  c ry s ta l l in e  f ra c t io n  b e in g  u n a f fe c te d ,  t h e r e f o r e  an a ly s is  of th e  
o xa la te  e x t r a c t  a n d  m easu rem en t of spoil CEC a n d  ex c h a n g e a b le  b ase s  
will r e v e a l  a n y  r e la t io n s h ip  which may e x is t  b e tw ee n  th e  am orphous oxide 
f ra c t io n  a n d  ca t io n  a d s o rp t io n  p r o p e r t i e s .
U n d e r  ac id  c o n d it io n s ,  in te ra c t io n  of H + w ith  th e  oxide s u r fa c e  
will o c c u r ,  le ad in g  to  a n e t  p os itive  c h a rg e ,  w h e re a s  ad d i t io n  of OH to 
th e  s y s te m ,  i . e .  r a i s in g  th e  pH , will c r e a te  a n e g a t iv e  s u r f a c e  with 
ca tion  e x c h a n g e  p r o p e r t i e s  (F ig .  4 .3 ) .
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F ig .  4 . 3 . V aria t ion  of su r fa c e  c h a rg e  on aluminium oxide s u r f a c e  w ith  
pH .
In  t h e  following sec t io n s  th e  ro le  of th e  am o rp h o u s  oxide  f rac t io n  as  
ca t ion  e x c h a n g e  re a c t io n  s i te s  in th e  spoil is in v e s t ig a te d .
4. 6 M easu rem en t of C ation  E x ch a n g e  C ap ac i ty
T h e re  a n u m b e r  of m ethods u s e d  fo r  d e te rm in ing  th e  cation  
e x c h a n g e  c a p a c i ty  of soils an d  th e se  can  be  g ro u p e d  in to  th e  following 
c a te g o r ie s :
(a )  T h o se  in which th e  soil is  le a c h e d  w ith  a d ilu te  ac id ,  
e . g .  H Cil, a n d  th e  h y d r o g e n - s a tu r a t e d  e x c h a n g e  m ateria l t i t r a t e d  to  
pH 7 w ith  b ar ium  h y d ro x id e ,  o r  to pH 8 .5  w ith sodium h y d ro x id e .
(b )  T h o se  in which th e  e x c h a n g e a b le  ca t ions  a re  s to ich io -
+ + 2 + 2 + + m etrica lly  r e p la c e d  b y  th e  a c e ta te  of K , NH^, Ba , Ca o r  Na , a n d
th e  am oun t of r e p la c in g  cation a d s o rb e d  d e te rm in e d .
(c )  T h o se  w hich invo lve  e q u i l ib r a t in g  soils ( p r e - le a c h e d  w ith
calcium a c e ta te )  w ith  a d ilu te  so lu tion  (lOOng Ca/m l) of calcium n i t r a t e
40 45c o n ta in in g  Ca a n d  rad io a c t iv e  Ca a n d  th e  u p ta k e  of ra d io a c t iv e
is o to p e  d e te rm in e d .
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Most CEC in v e s t ig a t io n s  employ m ethods b a s e d  on s a tu r a t i n g  
th e  e x c h a n g e  complex w ith  a g iven  ca t ion  a n d  de te rm in in g  th e  to ta l  am oun t 
of ca t ion  a d s o rb e d .  H ow ever, t h e r e  is  d iscu ss io n  as  to w h e th e r  to  u s e  a 
re p la c in g  sa lt  a t  pH 8.2  o r  a t  pH 7 .0 .  T h o se  who p r e f e r  th e  fo rm er  do so f 
b e c a u s e  i t  is c lo se r  to th e  equ ilib r ium  pH be tw een  soil an d  CaCO^ a t  th e  
p a r t i a l  p r e s s u r e  of CO^ in th e  a tm o s p h e re ,  while th o se  who p r e f e r  w o rk in g  
w ith  r e p la c in g  so lu tions  a t  pH 7 .0  do so b e c a u se  i t  is th e  n e u t r a l  p o in t  of 
w a te r  a n d  may more n e a r ly  r e p r e s e n t  th e  pH of th e  s o i l -b ic a rb o n a te -  
c a rb o n ic  acid  b u f f e r  sy stem  a t  th e  p a r t i a l  p r e s s u r e  of l ikely  to  p re v a i l  
in  th e  a tm o sp h e re  of a fe r t i le  soil d u r in g  th e  season  of ac t ive  g ro w th .
All CEC d e te rm in a tio n s  c a r r i e d  o u t  in th is  w ork  u se d  th e  m ethod  
of s a tu r a t in g  th e  ex c h a n g e  complex a t  pH 7 .0  w ith  K +, an d  a f t e r  rem oval 
of e x c e s s  s a tu r a t in g  s a l t ,  d isp lac in g  all a d s o rb e d  K ions u s in g  NH^ , th e  
am oun t of d isp la ced  K + b e in g  a m e asu re  of th e  sp o il 's  cation e x c h a n g e  
c a p a c i ty .  Two m ethods of e q u i l ib ra t in g  th e  spoil w ith  th e  s a tu r a t in g  
so lu t io n s  may be  u s e d ,  e i th e r  b y  s h a k in g  o r  le ach in g ,  a n d  th e  su i ta b i l i ty  
of e ac h  m ethod was in v e s t ig a te d .
4 .6 .1  M ateria ls  a n d  M ethods
F o u r  sam ples of spoil from an unrec la im ed  s i te  a t  A u c h e n c ru iv e ,  
A y r s h i r e ,  w ere ch o sen  fo r  th i s  in v e s t ig a t io n .  E ach  sample was a i r - d r i e d  
a n d  th e  f rac t io n  < 2 m .m. a n a ly se d .
(a )  S hak in g  method
5g of < 2 m.m. sample w ere  w ash ed  w ith  3 x  30 ml p o r t io n s  of 
90% e th a n o l ,  w ith  sh a k in g  a n d  c e n t r i f u g in g  to rem ove so luble  s a l t s  n o t  
h e ld  a s  e x c h a n g e  io n s .  T h is  was followed b y  3 x  40 ml s h a k in g s  w ith  1M
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p o ta ss iu m  a c e ta te  a t  pH 7 .0  to  s a tu r a t e  th e  e x c h a n g e  s i t e s .  T h e  K +- 
s a t u r a t e s  sample w as th e n  w ash ed  w ith  a f u r t h e r  3 x  30 ml of 90% e thano l 
a n d  finally  s h a k e n  w ith  3 x  30 ml p o r t io n s  of 1M ammonium a c e ta te  a t  
pH 7 .0 ,  th e  s u p e m a t e s  b e in g  collected  an d  made to  100 ml fo r  K + 
d e te rm in a tio n  b y  flame em ission . All r e s u l t s  a r e  e x p r e s s e d  as  milli- 
e q u iv a le n ts  of K + p e r  lOOg of spoil (me/lOOg) a n d  all a n a ly se s  w ere  
c a r r i e d  ou t in d u p l ic a te .
(b )  L each ing  m e thod
lOg of < 2 m .m . sample w ere  m ixed with an  eq u a l  volume of 
a c id -w a sh e d  s a n d  to  a id  p e rc o la t io n ,  a n d  p la ced  in a le a c h in g  tu b e  
( 2 .5  cm I .D . )  . T h e  column was w ash ed  w ith  100 ml of 90% e th a n o l  an d  
th e  le ach a te  d i s c a r d e d .  All e x ch a n g eab le  ca tions  w ere  r e p la c e d  b y  K + 
b y  le ach in g  w ith  200 ml of 1M po tass ium  a c e ta te  a t  pH 7 .0 ,  followed b y  
w ash in g  w ith  100 ml of 90% e th an o l to rem ove e x c e ss  K + in  th e  column. 
T h e  K +- s a t u r a t e d  sam ple w as th e n  le ach ed  w ith  200 ml of 1M ammonium 
a c e ta te  a t  pH 7 .0  a n d  th e  le ach a te  made to  250 ml fo r  K + d e te rm in a t io n .  
All a n a ly se s  w ere  c a r r i e d  o u t  in  d u p l ica te .
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4 . 6 . 2  R esu lts
T able  4 .2  show s th e  r e s u l t s  of CEC d e te rm in a t io n s  on each  
sam ple u s in g  b o th  m e th o d s .
T ab le  4 . 2 . C om parison  of CEC d e te rm in a t io n s  u s in g  s h a k in g  a n d  leach ing  
m e th o d s
Sample
CEC (me/lOOg)
S haking L each ing
AC1 25.8 26.7
AC2 30.4 29.4
AC3 27.0 25.6
AC4 27.9 27.3
As ta b le  4. 2 show s t h e r e  is  close a g re e m e n t  b e tw ee n  th e  r e s u l t s  u s ing  th e  
s h a k in g  a n d  le a c h in g  m e th o d s ,  th e  mean a n d  s t a n d a r d  dev ia t io n  fo r  each  
m e thod  b e in g  27.77 ± 1 . 9 5  a n d  27.25 ± 1 .60 , r e s p e c t iv e ly .  F o r  all f u r th e r  
w o rk  c a r r i e d  o u t  on CEC d e te rm in a tio n s  of spoil th e  column leach ing  method 
was c h o sen  d u e  to  i t s  co nven ience  in  h a n d l in g  a la rg e  n u m b e r  of samples 
a t  o n ce .
4. 7 D ete rm ina tion  of E x ch a n g eab le  B a se s  in C o ll ie ry  Spoil
E x c h a n g e a b le  b a s e s  a re  d e f in ed  as  th e  a lka li e a r t h  m etals ,  
p r in c ip a l ly  C a^ +, M g^+, K + an d  N a+, a t t a c h e d  to  th e  e x c h a n g e  complex 
(o rg a n ic  a n d  in o rg a n ic )  w hich can  b e  e x c h a n g e d  w ith  each  o th e r ,  a n d  
w ith  o th e r  p o s i t iv e ly  c h a r g e d  ions in th e  soil so lu tio n .  M easurem ent of
th e  e x c h a n g e a b le  b a s e  c o n te n t  of a soil o r  spo il in v o lv e s  rep lacem en t of 
th e  a d s o r b e d  c a t io n s  w ith  NH*. and th e C a 2+, M g2+, K + an d  N a+ c o n te n t  of 
th e  le a c h a te  d e te rm in e d .
4. 7 .1  M ethod
lOg of sample (<2 m.m. f r a c t io n )  w ere  mixed with an  equal
volume of a c id -w a s h e d  s a n d  a n d  p la c e d  in a le a c h in g  tu b e  (2 .5  cm I . D . ) .
T he  column w as w ash ed  w ith  100 ml of 90% e th a n o l  to rem ove so lub le  s a l t s ,
a n d  th e  le a c h a te  d i s c a rd e d .  All e x c h a n g e a b le  ca t io n s  w ere d isp laced  by-
le a c h in g  w ith  200 ml of 1M ammonium a c e ta te  a t  pH 7 .0 ,  th e  leacha te
2+ 2 +co l lec ted  a n d  m ade to 250 ml. Ca a n d  Mg w ere  de te rm in ed  b y  atomic 
a b s o rp t io n  s p e c t ro p h o to m e t ry  u s in g  a P e rk in  Elmer model 370A, a n d  K + a n d  
N a+ w e re  d e te rm in e d  b y  flame em ission. T h e  leve l  of ex ch a n g eab le  b a s e s  
is  c o n s id e r e d  to be th e  sum of th e se  e lem en ts  in  th e  leach a te  e x p r e s s e d  in  
m ill iequ iva len ts  p e r  lOOg sample (m e/lO O g). All a n a ly se s  w ere c a r r i e d  o u t  
in d u p l ic a te .
4. 8 B ase  S a tu ra t io n
T h e  p e r c e n ta g e  b a se  s a tu r a t io n  of a soil is de f ined  as  th e
2+ 2 +p e r c e n ta g e  of th e  ca tion  e x c h a n g e  s i te s  o c c u p ie d  b y  b a s e s ,  i . e .  Ca , Mg , 
K + a n d  Na + . B ase  s a tu ra t io n  may b e  u s e d  as  an  in d e x  of leach ing  in  a 
soil,  h ig h ly  le a c h e d  soils h a v in g  a low er v a lu e .  E x ch a n g eab le  b a s e  
d e te rm in a t io n s  m easu re  th e  pool of ava ilab le  b a s e s  a t  any  one moment, b u t  
p e r c e n ta g e  b a s e  s a tu r a t io n  may b e  u s e d  to  r e la te  th e  ex ch a n g eab le  b ase  
c o n te n t  to  th e  p o te n t ia l  cation  s u p p ly in g  pow er of th e  soil.
4. 9 R esu lts  and  D iscussion
C ation  e x c h a n g e  cap ac ity  a n d  e x c h a n g e a b le  b a s e  d e te rm in a tio n s  
w e re  c a r r i e d  o u t  on 21 spoil sam ples ch o sen  from th o se  d e s c r ib e d  in 
C h a p t e r  3, th o se  chosen  fo r  f u r t h e r  a n a ly s is  r e p r e s e n t in g  a r a n g e  of pH 
v a lu e s  from 5 s i t e s .  B o th  m e asu re m en ts  w ere  c a r r i e d  o u t  on th e  < 2 m.m. 
f r a c t io n  u s in g  th e  column leach ing  m e th o d s .  T ab le  4.3  shows th e  r e s u l t s ,  
t o g e t h e r  w ith  pH a n d  o x a la te -e x t r a c ta b le  F e ,  A I  a n d  Mn le v e ls .  All 
a n a ly s e s  w ere  c a r r i e d  o u t  in d u p lica te .
CEC v a lu e s  r a n g e  from 1 1 .6 -2 4 .2  me/lOOg, w ith 19 samples h a v in g  
v a lu e s  < 20.0 me/lOOg, com pared  to v a lu es  of 10-15 me/lOOg fo r  a s a n d y  
loam soil ( H a u se n b u il le r  19 72) a n d  25-30 me/lOOg fo r  p ro d u c t iv e  s i l t  o r  
c lay  loam (B ra d s h a w  a n d  C hadw ick  1980).
T ab le  4 .4  show s th a t  th e  o x a la te - e x t r a c ta b le  A£ f rac t io n  is 
s ig n i f ic a n t ly  p o s i t iv e ly  c o r re la te d  w ith  CEC a t  th e  0.1% level ( r  = 0 .7 4 7 ) .  
T h is  r e la t io n s h ip  is  u n a f fe c te d  b y  spoil pH, s in ce  th e  p a r t ia l  co rre la t io n  
c o e f f ic ie n t  b e tw ee n  th e s e  two p a ra m e te r s ,  ta k in g  in to  accoun t th e  v a r ia ­
b i l i ty  in  pH is  0.742*** ( th e  form ula fo r  ca lcu la t in g  th e  p a r t ia l  co rre la t io n  
co e f f ic ie n t  is  shown in C h a p te r  3). T h is  r e la t io n s h ip  s u g g e s t s  th a t  
a m o rp h o u s  aluminium oxides  occu p y  a s ig n if ic a n t  p ro p o r t io n  of th e  cation 
e x c h a n g e  s i t e s  in th e  spoil.  T he  in f lu e n c e  of th e  oxide f rac t io n  on spoil 
p r o p e r t i e s  w as h ig h l ig h te d  in  C h a p te r  3, w h e re  th e  re la t io n sh ip  b e tw een  
am o rp h o u s  iro n  a n d  aluminium ox ides  on th e  p h o s p h a te  a d s o rb in g  c a p a c i ty  
of spo il  show ed  th e  e x is ten ce  of a p o s i t iv e ly  c h a rg e d  su r fa c e  on th e  ox ide  
f r a c t io n .  Soil a n d  spoil am orphous  o x id e s ,  as well as  s y n th e t ic  o x id e s ,  
h a v e  b e e n  e x te n s iv e ly  s tu d ie d  in th is  r e s p e c t ,  i . e .  hav in g  an ANION 
h o ld in g  c a p a c i ty  ( P u lfo rd  an d  D uncan  1975, B o rg g a a rd  1984, B e y ro u ty
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T able 4. 4. C orre la tion  coeffic ien ts and significance of th e  re la tio n sh ip s
b e tw e e n  CEC, p H , o x a la te -e x t ra c ta b le  Fe,. A& a n d  Mn
C orre la tion  coeff ic ien t
CEC v s  pH -0 .332
CEC v s  Fe 0.297
CEC v s  AH 0 . 747***
CEC v s  Mn -0 .265
T ab le  4. 5 C o rre la t io n  co e ff ic ien ts  an d  s ign if icance  of th e  re la t io n s h ip s  
b e tw ee n  e x c h a n g e a b le  b a s e s ,  pH , o x a la te -e x t ra c ta b le  
F e , A I  a n d  Mn
C orre la tion  coeffic ien t
E x c h a n g e a b le  b a s e s  v s  pH
ii ii ii p e 
ii .. it a& 
.. it ii M n
0.926***
-0 .360
-0 .608**
0.450*
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e t  a l . 1984). H a tc h e r  e t  a l . (1967) fo u n d  th a t  f r e s h ly  p re c ip i ta te d  
aluminium h y d r o x id e  a d s o rb e d  r e la t iv e ly  la rg e  am oun ts  of b o ro n ,  w h ereas  
a g e d  o r  p o ly m erized  h y d ro x id e s  h ad  a r e d u c e d  b o ro n  a d so rp t io n  c a p a c i ty ,  
in d ic a t in g  t h a t  s u r f a c e  h y d ro x y l  g ro u p s  w ere  th e  ac t iv e  bo ro n  a d s o rp t io n  
s i te s  o T he  p o s i t iv e ly  c h a rg e d  aluminium h y d ro x id e  f rac t io n  was also 
fo u n d  to  be  a d s o r b e d  in an e x c h a n g eab le  form b y  montmorillonite b y  Shen  
a n d  R ich  (1962) a n d  T u r n e r  an d  B ry d o n  (1962) a n d  th e  above  r e s u l t s  
in d ic a te  an in te r a c t io n  be tw een  th e  cation ic  aluminium frac t io n  an d  th e  
n e g a t iv e ly  c h a r g e d  cation  ex ch a n g e  complex in  th e  spo il ,  s ince  acid 
o x a la te  e x t ra c t io n  of th e  spoil d is so lv es  th e  a m o rp h o u s ,  or n o n -c ry s ta l l in e  
h y d r o u s  oxide f r a c t io n .  The am orphous  iro n  ox ide  f ra c t io n ,  like th e  
aluminium frac tion ,  is  pos it ive ly  c o r re la te d  w ith  CEC ( r  = 0.297) a l th o u g h  
n o t  a t  a s ig n if ic a n t  leve l ,  in d ica tin g  th a t  i ron  may also be  he ld  on cation 
e x c h a n g e  s i te s  in  i t s  ox ide form a l th o u g h  it  does  n o t  show s u ch  a close 
a ssoc ia t ion  as  alum inium . F ig u re s  4 .4 -4 .  7 show th e  re la t io n s h ip s  be tw een  
CEC a n d  pH , o x a la te  F e , A£ an d  Mn r e s p e c t iv e ly .
CEC a n d  spoil pH are  n e g a t iv e ly  c o r r e la te d  ( r  -  - 0 . 332 ) ,  h o w ev e r ,  
b y  rem oving  th e  in f lu e n c e  of the  aluminium ox ide  f r a c t io n ,  s ince  th is  
o ccu p ie s  a s ig n i f ic a n t  p ro p o r t io n  of th e  e x c h a n g e  s i t e s ,  th e  co rre la t ion  
b e tw e e n  pH a n d  CEC h a s  a pos it ive  s ig n  ( r  = 0 . 305) .  T h is  r e la t io n s h ip ,  
a l th o u g h  n o t s ig n if ic a n t  a t  th e  < 5% level a g re e s  w ith  o th e r  f in d in g s ,  e . g .  
Helling e t  a l . (1964) , Bhumbla an d  McLean (1965) ,  S aw hney  e t  al (1970) 
w o rk in g  w ith  c lay  m inera ls ,  in d ica t in g  a p H - d e p e n d e n t  c h a rg e  on th e  
e x c h a n g e  com plex.
T h e  leve l of exchangeab le  b a s e s  in th e  21 sam ples a n a ly se d  is  
s ig n if ic a n t ly  c o r r e l a t e d  with spoil pH ( r  = 0.926***, F ig .  4 . 8 ) ,  oxala te
Figure 4.4. Relationship between spoil pH and cation exchange 
capacity.
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Figure 4.5. Relationship between cation exchange capacity and 
oxalate extractable iron.
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Figure 4.6. Relationship between cation exchange capacity and 
oxalate extractable aluminium.
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Figure 4.7, Relationship between cation exchange capacity and
oxalate extractable manganese.
14
12
cr
g  1 0
p H  
~a
co 8w
CO 
•<
PQ
W 
O 
X w
r =0.926
X x X X
3 4 5 6 7 8
PH
Figure 4.8. Relationship between spoil pH and exchangeable bases.
e x t ra c ta b le  aluminium ( r  = -0 .6 0 8 * * , F ig .  4 .10) a n d  oxala te  e x t ra c ta b le  
m an g an ese  ( r  = 0 .450*, F ig .  4 .1 1 ) .  T h e  co rre la t io n  be tw een  e x c h a n g e a b le  
b a s e s  a n d  pH in d ic a te s  t h a t ,  a l th o u g h  th e  CEC of th e  spoil is  a f fe c te d  
g r e a t ly  b y  th e  am o rp h o u s  aluminium f r a c t io n ,  th e  level of b a s e s  ac tu a lly  
h e ld  on th e  ex c h a n g e  complex is  g o v e rn e d  p r im ar ily  b y  spoil pH; ta k in g  
in to  a c c o u n t  th e  level of o xa la te  e x t r a c ta b le  aluminium th e  p a r t i a l  c o r r e la t ­
ion coeff ic ien t b e tw ee n  pH a n d  ex c h a n g e a b le  b a s e s  is 0.880***.
T h is  r e s u l t  in d ic a te s  t h a t  a l th o u g h  th e  aluminium ox ide  f ra c t io n  
o ccu p ie s  a s ig n if ican t  p ro p o r t io n  of th e  e x c h a n g e  s i t e s ,  th e  n e g a t iv e  c h a rg e  
on th e  ex c h a n g e  com plex is  s t r o n g ly  in f lu e n c e d  b y  pH , low er pH g iv ing  a 
low er level of e x c h a n g e a b le  C a ^ +, Mg^ , K a n d  Na , th e s e  
c a t io n s  occu p y in g  th e  s i te s  w hich  a r e  n o t  in v o lv ed  in  aluminium oxide 
a d s o rp t io n .
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Figure 4.9. Relationship between oxalate extractable iron and 
exchangeable bases.
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exchangeable bases.
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Figure 4.11. Relationship between oxalate extractable manganese
and exchangeable bases.
T h e  in f luence  of th e  o x a la te - e x t r a c ta b le  m anganese  f ra c t io n  on 
th e  le v e l  of e x c h a n g eab le  b a se s  c o n t r a s t s  w ith  th a t  of th e  iro n  a n d  
aluminium o x id e s ,  in th a t  th e re  is  a p o s i t iv e  c o rre la t io n  be tw een  th e  
m a n g an ese  ox ides  a n d  ex ch a n g eab le  c a t io n s .  A n d e rso n  e t  al. (1973), 
s tu d y in g  th e  a d so rp t io n  of s i lv e r  on p o o r ly  c ry s ta l l in e  s y n th e s iz e d  
m a n g an ese  oxides, fo u n d  a s u r fa c e  e x c h a n g e  reac tio n  be tw een  A g + a n d  Mn^, 
K + , N a+ on th e  n e g a t iv e ly  c h a rg e d  ox ide  s u r fa c e .  O th e r  w o rk e rs  h a v e  
id e n t i f i e d  th e  n e g a t iv e  c h a rg e  on m an g an ese  ox ides  an d  th e i r  c ap ac ity  to 
h o ld  c a t io n s .  C h ilds  a n d  Leslie (1977) fo u n d  th a t  Co, Ni and  Zn show ed  a 
s ig n i f ic a n t  p o s it iv e  re la t io n sh ip  w ith  m anganese  c o n c re tio n s  in a yellow - 
g r e y  e a r t h  soil in  New Zealand , while K im ber (1982) fo u n d  a similar 
r e la t io n s h ip  with Co a n d  Ni, an d  to a l e s s e r  e x te n t  Cu an d  Zn, in S c o t t is h  
co l lie ry  spoil.  T he  r e s u l t s  in T ab le  4 .5  in d ic a te  b y  th e  p o s it iv e  c o r re la t io n  
b e tw e e n  oxala te  e x t ra c ta b le  m anganese  a n d  ex ch a n g eab le  b a s e s  th a t  th e  
a m o rp h o u s  m anganese  oxide s u r fa c e  ho ld  ca t ions  in an ex ch a n g eab le  form, 
a n d  will th e re fo r e  c o n t r ib u te  to w a rd s  th e  cation ex ch a n g e  cap ac ity  of th e  
sp o il .  F ig u re  4.11 shows th e  v a r ia t io n  in th e  level of e x c h a n g e a b le  b a s e s  
w ith  o x a la te - e x t r a c ta b le  Mn ( r  = 0 .450* ).  As th is  show s, one sample 
(SF22) h a s  a p a r t i c u la r ly  h igh  Mn c o n te n t  (507 p.g/g) , a n d  does n o t  follow 
th e  p a t t e r n  shown b y  th e  o th e r  sam ples .  By no t in c lu d in g  SF22 in  th e  
c o r re la t io n  ana ly sis  of th e se  two p a ra m e te r s  th e  r e s u l t in g  co rre la t io n  
co e ff ic ien t  is  0.746***, s ig n if ic a n t  a t  th e  0.1% level.  I t  a p p e a r s  from t h i s ,  
t h e r e f o r e ,  th a t  th e  re la t io n sh ip  b e tw ee n  th e  am orphous m anganese  
f r a c t io n  a n d  ex ch an g eab le  b a s e s  b r e a k s  down if th e  o x a la te -e x t ra c ta b le  
m a n g a n e se  level is  excep tiona lly  h ig h .
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T ab le  4 . 6 . L eve l of e x c h a n g e a b le  C a^+, Mg^+, K* a n d  N a + in a r a n g e  
of sp o i l  sam ples
Sample
E x ch a n g eab le  b a s e s  (me/ lOOg)
Ca Mg K Na
SF 5 7.73 1.98 0.36 0.27
10 1.53 0.64 0.16 0.15
12 0.31 0.18 0.16 0.35
17 10.17 1.68 0.31 0.43
22 5.30 1.90 0.35 0.35
WS 2 4.02 2.14 0.42 0.35
3 1.15 1.89 0.20 0.22
5 2.58 1.50 0.27 0.42
7 5.88 2.96 0.37 0.23
10 3.49 2.20 0.30 0.33
LG 6 1.30 0.44 0.34 0.33
10 0.47 0.30 0.17 0.39
SB 4 3.68 0.44 0.36 0.44
8 3.25 0.85 0.61 0.41
12 5.62 3.62 0.69 0.44
15 5.97 3.06 0.61 0.43
21 1.64 0.96 0.10 0.28
DK 2 4.85 2.41 0.43 0.43
4 4.21 5.17 0.30 0.32
8 5.96 3.02 0.49 0.42
10 3.32 2.06 0.31 0.43
Table 4 .7 . A verage  CEC, exchangeable base  level and  p e rc en ta g e  base
s a tu ra t io n  of spo il sam ples
pH ra n g e CEC
(m e/lO O g)
E xch . b a s e s  
(m e/lOOg)
B ase  s a tu ra t io n  %
3-4 17.6 2 .5 14.0
4-5 14.1 5 .2 38.2
5-6 15.1 8 .7 57 .7
6-7 14.1 9 .9 71.0
> 7 13.1 12.6 96.1
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T h e  p e rc e n ta g e  b a s e  s a tu ra tio n  of th e  spo il is  s ig n if ic a n tly  
c o r re la te d  w ith  spo il pH ( r  = 0 .9 5 0 ), in d ic a tin g  th a t  a s  pH d e c re a se s  H + 
r e p la c e s  th e  a d s o rb e d  b a s e s ,  w ith  low er ex ch a n g eab le  b ase  le v e l r e s u lt in g  
in  a d e c re a se  in  b a se  s a tu r a t io n .
2 + 2 + +T ab le  4 .6  show s th e  lev e l of ex ch an g eab le  Ca , Mg , K , an d  
N a+ in  th e  e x c h a n g e a b le  b a s e  pool.
In  F ig . 4 .12  th is  d a ta  is  s p lit  in to  g ro u p s  b a se d  on sam ple pH ,
a n d  th is  show s th a t  w ith  in c re a s in g  pH th e  am ount of C a^+ on th e  ex ch an g e
2 + + +
com plex in c re a s e s ,  Mg in c re a s e s  up  to  pH 7, while K an d  Na rem ain
re la tiv e ly  c o n s ta n t .  T h e  p ro p o r tio n  of th e  to ta l ex ch a n g eab le  b a s e s
r e p r e s e n te d  b y  each  ca tio n  (show n  as  a p e rc e n ta g e  in  F ig . 4 .13) show s a
m ark ed  c o n s is te n c y , p a r t ic u la r ly  in th e  pH ra n g e  4 -7 , w hich s u g g e s ts  th a t
2 + 2 +as  pH in c re a s e s  an d  m ore Ca an d  Mg ions a re  a d so rb e d  (F ig . 4 .12) 
th e y  a re  ta k e n  u p  in  e q u iv a le n t am oun ts . T he a v e ra g e  CEC, e x c h a n g e ­
ab le  b a se  leve l a n d  p e rc e n ta g e  b ase  s a tu ra t io n  of th e  pH d iv is io n s  a re  
show n in T ab le  4 .7 . As th e s e  r e s u l t s  show , th e  CEC rem ains fa ir ly  
c o n s ta n t  th ro u g h o u t th e  r a n g e ,  w h ereas  th e  level of e x c h a n g e a b le  b a se s  
an d  p e rc e n ta g e  b a se  s a tu r a t io n  in c re a se  w ith  pH , th is  b e in g  a r e s u l t  of 
th e  in c re a s e d  a d so rp tio n  of C a^ + a n d  Mg^+ a t h ig h e r  pH .
4 .10  Sum m ary
T he n e g a tiv e ly  c h a rg e d  am orphous iro n  a n d  alum inium  oxide 
f ra c t io n s  a re  c losely  a s s o c ia te d  w ith  cation  e x ch a n g e  s ite s  in  co llie ry  sp o il, 
p a r t ic u la r ly  th e  alum inium  f ra c t io n , i t s  a d so rp tio n  m ask ing  th e  p H -d e p e n d -  
e n t c h a ra c te r  of th e  e x c h a n g e  com plex. C ation ex ch a n g e  c a p a c ity  an d  
e x c h a n g e a b le  b a s e  d a ta  in d ic a te  th a t  aluminium ox ides  occupy  ex ch a n g e
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s i te s  a n d  th e re b y  r e d u c e  th e  e ffec tiv e  ca tion  ex c h a n g e  c a p a c ity  of th e  
sp o il. T he in f lu e n c e  o f th e  m anganese ox ides c o n t r a s ts  w ith  th a t  of th e  
iro n  a n d  alum inium  f ra c t io n s  in th a t  th e  cation  ex ch a n g e  c a p a c ity  an d  leve l 
of e x c h a n g e a b le  b a s e s  a re  d ire c tly  re la te d  to  th e  m an g an ese  ox ide c o n te n t,
i . e .  c a tio n s  a re  e x c h a n g e a b ly  a d so rb e d  b y  th e  m anganese  f ra c tio n .
T he  le v e l of b a s e s  h e ld  on th e  ex ch a n g e  s ite s  is  p H -d e p e n d e n t , 
th is  b e in g  m ainly a re f le c tio n  of th e  in c re a s e d  a d so rp tio n  of th e  dom inant 
Ca^ a n d  Mg^ ions w ith  pH . H ow ever, th e  re la tiv e  p ro p o r tio n s  of C a^ +, 
Mg^ , K an d  Na on th e  e x c h a n g e  com plex v a r ie s  l i tt le  w ith  pH in  th e  
r a n g e  pH 4-7 .
T h ese  r e s u l t s  em p h asise  th e  in flu e n c e  of th e  am orp h o u s ox id es  
of F e , Ail an d  Mn on sp o il p ro p e r t ie s ,  th e ir  e f fe c ts  h a v in g  b e e n  h ig h lig h te d  
b y  o th e r  w o rk e rs  w ith  r e g a r d  to a d so rp tio n -p re c ip ita tio n  re a c tio n s ; th e  
iro n  a n d  alum inium  f ra c t io n s  h av in g  an  im p o rtan t ro le  in  p h o s p h a te  
a d s o rp tio n , an d  th e  m a n g an ese  f ra c tio n  h av in g  th e  c a p a c ity  to  a d so rb  tra c e  
m e ta ls .
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CHAPTER 5
THE USE OF A SOIL COVER IN COLLIERY SPOIL 
RECLAMATION
5.1  INTRODUCTION
While i t  is  re c o g n ise d  th a t  co llie ry  spo il is  a poo r g ro w th  m edium , 
com paring  p o o rly  w ith  an  a rab le  so il, m ost w o rk e rs  a g re e  th a t  i t  is  n o t 
e s s e n tia l  to  u se  a so il co v e r in th e  rec lam ation  of sp o il, p ro v id e d  th a t  
c a re fu l spo il m anagem ent p ra c tic e s  a re  follow ed (B rad sh aw  e t a l. 1973, 
D oub leday  1973, Gemmell 1973).
In  o rd e r  to  a s s e s s  th e  su c c e ss  of rec lam ation  schem es w ith  a n d  
w ith o u t th e  u se  of a soil c o v e r , 13 s ite s  w ere  v is i te d  in C e n tra l S co tlan d  
o v e r a th r e e  y e a r  p e r io d . A t each  s ite  a v isu a l a s se ssm e n t was made of 
th e  q u a lity  of th e  v e g e ta tio n  co v er an d  i ts  sp e c ie s  com position, w ith  a 
n u m b e r of p ro f ile s  b e in g  dug  to  allow exam ination  of th e  n a tu re  an d  
d e p th  of soil c o v e r  ( if  p r e s e n t ) ,  ro o tin g  d e p th ,  a n d  ty p e  of spo il m a te ria l, 
w ith  sam ples ta k e n  a t  v a r io u s  d e p th s  fo r la b o ra to ry  a n a ly s is . T he 
n u m b e r of p i t s  v a r ie d  from s ite  to  s i te ,  d e p e n d in g  on size an d  to p o g ra p h y  
an d  w as su f f ic ie n t to  g ive a t r u e  r e p re s e n ta t io n  of th e  s ite  as a w hole.
F o u r of th e  s ite s  s tu d ie d  com prised  of a re a s  w hich  h a d  a soil co v e r a n d  
also p a r t  w h ich  re c e iv e d  no  so il, th u s  g iv ing  a com parison  of th e  two 
sy stem s  s id e  b y  s id e , w ith  o b se rv a tio n s  an d  sam ples ta k e n  in b o th  a re a s .
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5. 2 S ite O bserva tions
5 .2 .1  G ro u n d  co v e r
T h e  d e n s ity  of th e  su rfa c e  c o v e r of v e g e ta tio n  w as e s tim a ted  
a t  e ach  s i te  an d  a s s ig n e d  a sco re  on a sca le  show n in  T ab le  5 .1 .
T ab le  5 .1 . A ssessm en t of s u r fa c e  v e g e ta tio n  co v er
C o v e r S co re Com m ents
1 V ery  p oo r g ro u n d  c o v e r ,  few grow ing  p la n ts ,  m uch 
of th e  su rfa c e  b a re
2 Poor c o v e r , w eak p la n t  g ro w th
3 Good c o v e r , b a re  s u r fa c e  m a te ria l s till e v id e n t
4 V ery  good c o v e r , good g ro w th , l i t t le  b a re  su r fa c e  
v is ib le
5 E x ce llen t g ro w th , no s u r fa c e  m ateria l v is ib le
5 .2 .2  Soil co v e r
I f  a soil co v e r w as p r e s e n t  i t s  a v e ra g e  d e p th  o v e r th e  s i te  
w as d e te rm in e d .
5 .2 .3  R oot g ro w th
T he d e n s ity  of th e  ro o t p o p u la tio n  dow n each  p ro f ile  w as 
e s tim a te d  a n d  d e s c r ib e d  on th e  follow ing sca le :
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V e ry  a b u n d a n t
A b u n d a n t
Common
Few
N one
E ach p ro f ile  w as th u s  d iv id e d  in to  a n u m b e r of " h o r iz o n s" , 
e i th e r  on th e  basis* of ty p e  of m a te ria l o r  b y  th e  d e n s ity  of ro o tin g , 
a n d  a sam ple of each  h o rizo n  was ta k e n .
5. 3 L a b o ra to ry  A n a ly s is
E ach sam ple was a i r - d r i e d  in  a fo rce  d r a u g h t  oven  a t  32°C.
5 . 3 . 1  pH
lOg of a i r - d r i e d  m a te ria l w as sh a k e n  on a w ris t  s h a k e r  w ith  
25 ml d e ion ized  w a te r  fo r  20 m ins a n d  th e  pH of th e  su sp e n s io n  
d e te rm in e d .
5 .3 .2  M oisture c o n te n t
20 g of sam ple w as p la c e d  in a w eig h ed  p o rc e la in  c ru c ib le  a n d  
d r ie d  a t  105°C. T h e  w e ig h t lo ss  on d ry in g  was e x p re s s e d  a s  a % of 
th e  a i r - d r ie d  sam ple w e ig h t.
5 .3 .3  Soil te x tu r e
T he  te x tu r e  of all so il sam ples w as d e te rm in e d  b y  m echanical 
a n a ly s is  u s in g  u lt ra s o n ic  v ib ra tio n  a s  th e  m ethod  of d is p e rs io n  (E d w ard s  
an d  B rem n er 1967).
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5.4  R esu lts
E ach  s i te  w as ju d g e d  b y  th r e e  main c r i te r ia :
1. V eg e ta tio n  q u a lity  an d  g ro w th
2. G ro u n d  co v e r
3. R oot g ro w th
D eta ils  of each  s i te  a r e  g iven  in  A p p en d ix  I I  w hich show s th e  
loca tion  of eac h  b in g ,  th e  d a te  of com pletion of s ite  w o rk , th e  seed  
m ix tu re  u s e d  a t  rec lam atio n  a n d  a l i s t  of th e  sp e c ie s  g row ing  in 1979/80, 
to g e th e r  w ith  an  a s s e s sm e n t of g ro u n d  c o v e r. A ty p ic a l p ro file  
of each  s ite  is  g iv e n  in  T ab le  5 .4 .
5 .4 .1  V eg e ta tio n  q u a lity
In  m ost c a se s  g ra s s  a n d  c lo v e r g ro w th  is  b e t te r  w hen a soil
c o v e r is  u s e d , show ing  a h e a l th ie r  sw a rd  w hich does n o t s u f fe r  as
se v e re ly  d u r in g  d ry  w e a th e r .  A lth o u g h  no m e asu re m en ts  of p la n t y ie ld  
w ere  c a r r ie d  o u t ,  th e re  is  a v is ib le  d iffe re n c e  b e tw een  th e  cond ition  of 
th e  sw a rd s  on s i te s  rec la im ed  u n d e r  b o th  th e  so iled  a n d  n o n -so ile d  
s y s te m s , a n d  d is c u s s io n  w ith  th e  la n d o w n ers  con firm ed  h ig h e r  y ie ld  
w hen  a soil c o v e r  is  u s e d . D esp ite  th e  h ig h e r  y ie ld  u n d e r  th e  so iled  
sy stem  i t  is  s til l  low w hen com pared  to  a norm al a ra b le  so il, y ie ld  
re d u c tio n  e s tim a tio n s  ra n g in g  from  30-50% (p e rs o n a l com m unications) 
w hen com paring  so iled  s ite s  w ith  a d ja c e n t fa rm lan d  (S ee  C h a p te r  2,
P la te  3 ) .  T h is  in d ic a te s  th a t  th e  u n d e r ly in g  spo il s til l h a s  c o n s id e r­
able  in flu e n c e  on th e  p la n ts  g row ing  on a rec la im ed  so iled  s ite  w hen a
th in  soil co v e r is  u s e d  (S ee  5 .5 .3 ) .
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5 .4 .2  G ro u n d  c o v e r
O ne of th e  main c r i te r ia  u s e d  to  a s s e s s  th e  su c c e ss  of a s ite  
is  th e  d e n s i ty  on th e  su rfa c e  of th e  v e g e ta tio n  c o v e r . S ite s  su ch  as 
th o s e  d e s c r ib e d  in  A p p en d ix  II w hich  h a v e  an a g r ic u ltu ra l  a f te r -u s e  a re  
u ltim a te ly  ju d g e d  on th e  b a s is  of y ie ld  fo r  h ay  o r  s ilage  p ro d u c tio n , o r  
b y  th e  s to c k in g  r a te  w h ich  th e  la n d  c a n  s u p p o r t .  I t  is  th e re fo re  of 
l i t t le  v a lu e  if  th e  g ro u n d  co v er is  p o o r , s in ce  y ie ld  is  g o v ern ed  
s ig n if ic a n tly  b y  th e  n u m b er of s u c c e s s fu l p la n ts  p e r  u n it a re a .
In  m ost c a s e s ,  s ite s  h av in g  b o th  a so iled  an d  n o n -so ile d  a re a  
show  b e t t e r  g ro u n d  co v e r on th e  so iled  p a r t .  T he  excep tio n  is C a s tle -  
h ill w h ich  h a s  a com parab le  g ro u n d  c o v e r  on b o th  p a r t s ,  d u e  to th e  
p o o r s t r u c t u r e  of th e  clay loam soil la y e r  w hich  becom es w ate rlo g g ed  
d u r in g  h e a v y  r a in ,  th e re b y  ca u s in g  p o o r ro o t g ro w th  a n d  a sp a rs e  c o v e r , 
to g e th e r  w ith  th e  fa c t  th a t  th e  u n so ile d  a re a  h a d  a h ig h e r  p ro p o rtio n  of 
legum es in  th e  s e e d  m ix tu re .
5 .4 .3  R oot g ro w th
(a )  R oo tin g  on so iled  s ite s
A s tu d y  of ro o t g row th  on s i te s  w ith  a soil co v e r show s th a t  
p la n t  ro o ts  a r e  n o t r e s t r ic te d  to th e  soil la y e r ,  b u t  can be  fo u n d  to  a 
d e p th  of 25 cm w hen  a soil co v er of on ly  10 cm is  u s e d . T h e re  is ,  in  
m ost c a s e s ,  h o w e v e r , a m arked  re d u c tio n  in  ro o t d e n s ity  on c ro ss in g  
th e  in te r f a c e ,  in d ic a tin g  th a t  ro o ts  te n d  to  rem ain  in th e  m ore fa v o u r­
ab le  soil la y e r  in  p re fe re n c e  to  o c cu p y in g  th e  u n d e r ly in g  spoil m a teria l. 
O b se rv a tio n s  m ade on s ite s  h av in g  a v a r ia b le  d e p th  of soil show th a t  
th e re  is  a re la t io n s h ip  betw een  th e  th ic k n e s s  of th e  soil la y e r  and  d e p th
200
of ro o t p e n e t r a t io n ,  w ith  a th ic k e r  soil c o v e r g e n e ra lly  in d u c in g  d e e p e r  
ro o tin g  (T ab le  5 .2 ) .
(b )  R oo ting  on u n so iled  s ite s
A s tu d y  of ro o tin g  d e p th  on u n so ile d  s ite s  show s th a t  ro o ts  
c a n  p e n e t r a te  to  c o n s id e ra b le  d e p th ,  w ith  d e e p e s t ro o tin g  b e in g  fo u n d  
on sp o ils  h a v in g  a loose , open s t r u c t u r e ,  i . e .  B a n k , A n n an d a le , N o rth  
L o d g e , w h e re  ro o ts  a re  fo u n d  a t  a d e p th  ex ceed in g  th a t  fo u n d  on a n y  
of th e  so iled  s i te s  (T ab le  5 .3 ) 0
In  b o th  c a se s  ro o t n o d u la tio n  of legum es was o b s e rv e d , 
in d ic a tin g  th a t  n i t ro g e n  fixa tion  o c c u rs  on b o th  ty p e s  of s i te s .
T ab le  5 .4  show s a " ty p ica l"  p ro file  from each  of th e  s ite s  
s tu d ie d ,  b a s e d  on o b se rv a tio n s  m ade in  a n u m b er of p its  a t  each  s ite  
w ith  ro o t  d e n s i ty ,  pH an d  m o istu re  c o n te n t d a ta .
5 .5  D iscu ssio n
V eg e ta tio n  q u a lity  an d  c o v e r d e n s ity  a re  g en e ra lly  b e t te r  w hen 
a soil c o v e r  is  u se d  due  to  th e  fa c t  th a t  th e  ch em ica l, p h y s ic a l a n d  
b io lo g ica l p r o p e r t ie s  of soil a re  on th e  whole m ore fav o u rab le  fo r  p la n t 
g ro w th  th a n  th e  co n d itio n s  in  co llie ry  sp o il. A p o in t of n o te  w hen 
exam in ing  p ro f ile s  on so iled  s ite s  was th e  to ta l ab sen ce  of worm a c tiv ity  
in  th e  sp o il m a te ria l a lth o u g h  th e  so il la y e r  o ften  s u p p o r te d  a s ig n if ic a n t 
worm p o p u la tio n .
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T ab le  5 .2 . T he re la tio n s h ip  b e tw een  soil la y e r  th ic k n e s s  a n d  
ro o tin g  d e p th
S ite  nam e Soil th ic k n e ss  
(cm)
D ep th  of ro o tin g  
(cm)
E n te rk in e 9 9
12 12
S e a fo r th 8 15
15 28
20 31
D um breck 10 15+ *
16 28
S tan e 6 20
12 34
C a s tle h ill 7 19
10 26
D evon 4 12
10 18
J e n n y  G ray 1.1 22
15 25+
L o ch o re  M eadows P h a se  II 6 18
13 15
19 19+
L o chore  Meadows P h a se  IV 6 18
8 22
10 22 +
14 26
L o chore  M eadows P h ase  VI 7 20
10 18
11 20
H* 4.
15 in d ic a te s  th e  to ta l d e p th  of th e  p ro f ile , w ith ro o ts  fo u n d  th ro u g h ­
o u t ,  an d  p o ss ib ly  p e n e tra t in g  d e e p e r .
Table 5 .3 . D epth  of roo ting  on unso iled  s ite s  (maximum d ep th  a t
w hich  ro o ts  w ere  found )
S ite  nam e R oot d e p th  (cm )
B an k 40
A n n an d a le 39
D um breck 19
N o rth  L odge 43
S tan e 20
C a s tleh ill 21
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5 .5 .1  C o n d itio n s  in  soil v  spo il
5 .5 .1 .1  C atio n  e x c h a n g e  cap a c ity
In  g e n e ra l soil h a s  a h ig h e r  ca tio n  e x c h a n g e  c ap a c ity  th a n  spo il
2+ 2 +i . e .  h a s  a g r e a te r  a b ility  to  ho ld  n u t r ie n t  c a tio n s  su c h  a s  Ca , Mg a n d  
K + in  a form  av a ilab le  to  p la n ts .  A ty p ic a l co llie ry  spo il h a s  a ca tion  
e x c h a n g e  c a p a c ity  of < 20 me/lOOg (C h a p te r  4) com pared  to  an  a v e ra g e  
v a lu e  of 25-30 me/lOOg fo r  a p ro d u c tiv e  s il t  o r c lay  loam soil (B rad sh aw  
a n d  C hadw ick  1980), th u s  a soil is  ab le  to  m ain tain  a n u t r ie n t  su p p ly  to  
p la n ts , g iv in g  a h ig h e r  p la n t s u rv iv a l  r a te .  F e r t i l iz e r  ap p lied  to  a soil h a s  
a lo n g e r  p e r s is te n c e  in  th e  ro o t zone th a n  th a t  a d d e d  to  b a re  sp o il, s in ce  
th e  sp o il 's  low er ca tio n  h o ld in g  cap a c ity  is  le ss  ab le  to  p r e v e n t  le ach in g  
lo s s e s .  In  o rd e r  to  s u p p o r t  a v e g e ta tio n  c o v e r on a sp o il, com parab le  to 
th a t  of a "norm al" a ra b le  soil w hich  h as  a s so c ia te d  o rg an ic  m a tte r  an d  
fau n a l a c t iv i ty ,  i t  is  n e c e s s a ry  to  ap p ly  m ore r e g u la r  d re s s in g s  of f e r t i l iz e r ,  
n o ta b ly  n i t ro g e n  a n d  p h o s p h o ru s ,  to  m ain tain  an  a d e q u a te  n u t r i e n t  su p p ly .
5 .5 .1 .2  W ater h o ld ing  cap a c ity
T h e  w a te r  h o ld in g  c ap a c ity  of c o a r s e - te x tu r e d  spo ils  is  too low 
to  m ain tain  a c o n s ta n t  s u p p ly  of w a te r  in th e  ro o t zone an d  may lead  to 
d ro u g h t s t r e s s ,  p a r t ic u la r ly  in  y o u n g  p la n ts  w ith  shallow  ro o tin g  sy s te m s . 
T he  m o is tu re  c o n te n t d a ta  in  T ab le  5 .4  show  th a t ,  g e n e ra lly , th e  soil la y e r  
h a s  a h ig h e r  m o is tu re  c o n te n t th a n  u n d e r ly in g  sp o il. T hese f ig u re s  c a n n o t 
be  u s e d  as  a com parison  be tw een  s ite s  a s  sam pling  w as c a r r ie d  o u t a t 
d if fe re n t  tim es a n d  u n d e r  d if fe re n t  w ea th e r c o n d itio n s , th e y  a re  in c lu d e d  
sim ply as  a com parison  be tw een  p ro f ile s  on each  s ite  an d  down each  p ro f ile .
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D e c re a s in g  m o is tu re  c o n te n t w ith  d e p th  o c c u rs  on b o th  so iled  a n d  n o n ­
so iled  s i te s  as  a n a tu ra l  co n seq u en c e  of slow in f i l tra t io n  an d  a d e c re a se  in  
ro o t d e n s i ty .  H ow ever, th e  h ig h e r  w a te r h o ld in g  c a p a c ity  of th e  soil co v e r 
is  e v id e n t ,  d e s p ite  th e  fa c t th a t  some sp o ils  h av e  a h e a v ie r  te x tu r e  th a n  
th e  so il la y e r  a b o v e , e .g .  E n te rk in e . In  th is  case  th e  main f a c to r  c o n tro ll­
in g  w a te r  p e n e tra t io n  is  th e  com paction of th e  spo il b e fo re  soil s p re a d in g ,  
r e s u l t in g  in  th e  soil la y e r  becom ing w a te rlo g g e d  d u r in g  w et p e r io d s  
(P la te  9 ) w h ich  g iv e s  r is e  to  p o ach in g  b y  g ra z in g  c a ttle .
5 .5 .1 .3  B u ffe r in g  cap a c ity
T h e  b u f fe r in g  c ap a c ity  of a soil o r spo il r e f e r s  to  i t s  ab ility  to  
r e s i s t  a c h a n g e  in  pH . T h is  is  r e la te d  to  th e  m a te ria ls  ca tion  e x c h a n g e  
c a p a c ity , s in ce  th e  p re s e n c e  of c lay  a n d  o rg an ic  m a tte r  in c re a s e  ca tio n  
e x c h a n g e  c a p a c ity  an d  a re  also r e s e rv o ir s  of e x c h a n g e a b le  h y d ro g e n  ions 
in  eq u ilib riu m  w ith  th e  so il/sp o il so lu tio n . Soil, w hich h a s  a p red o m in an ce  
of e x p a n d in g  c la y s  su c h  as b e n to n ite  in th e  clay  f ra c tio n  an d  may h av e  a 
r e s e r v e  of o rg a n ic  m a tte r , will r e q u ir e  more lim e to  e f fe c t a g iv en  c h an g e  
in pH th a n  a sp o il, w hich  h as  a low o rg an ic  m a tte r  c o n te n t a n d  m ore 
e x p a n d in g  c lay s  su c h  as il li te . C oup led  w ith  th is  is  th e  fa c t th a t  a d ro p  
in  pH of a lim ed soil is  r e s is te d  b y  its  b u f fe r in g  a b i li ty ,  w hile a lim ed spoil 
is  s u b je c t  to  lo ss  of lime th ro u g h  le a c h in g , ca u s in g  a d e c re a se  in pH . 
P ro d u c tio n  of h y d ro g e n  io n s  th ro u g h  biochem ical c h an g e  in  th e  ro o t zone 
o r from  th e  o x id a tio n  of iro n  p y r i t e s  will th e re fo re  r e s u l t  in  a fa ll in  spo il 
pH , w hile  a soil co v e r is  ab le to  m ain tain  a m ore c o n s ta n t pH in  th e  u p p e r  
p a r t  of th e  p ro f ile .
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5 .5 .1 .4  A c id ity  an d  so lu b le  s a l ts
A cid  p ro d u c e d  b y  th e  o x id a tio n  o r iro n  p y r i te s  re d u c e s  sp o il pH 
a n d  is  in ju r io u s  to  p la n t r o o ts ,  th is  p rob lem  b e in g  m inim ised b y  spo il 
com paction  a n d  c o v e rin g  w ith  a so il la y e r .  A cid a t ta c k  of spo il m a te ria l 
1 a n d  w a te r  ev a p o ra tio n  from  th e  b a re  spo il s u r fa c e  le av es  h ig h  s a lt  co n ce n ­
t r a t io n s  in  th e  ro o t zone, w hich  can  r e s u l t  in  th e  in a b ility  of th e  ro o ts  to  
e x t r a c t  s u f f ic ie n t w a te r , c a u s in g  w ilting  of th e  p la n ts .  S t r u th e r s  (1964) 
fo u n d  th a t  p la n t  e s ta b lish m e n t on co llie ry  spo il w as m ore s u c c e s s fu l if  sown 
in  th e  s p r in g  th a n  in th e  a u tu m n , th e  main fa c to r  b e in g  th a t  w in te r  ra in s  
w ash ed  o u t so lu b le  s a lts  from  th e  ro o t zone.
5 .5 .1 .5  S u rfa c e  te m p e ra tu re
D a rk e r  su r fa c e s  h av e  a h ig h e r  h e a t a d so rp tio n  c o e ff ic ie n t, 
r e s u l t in g  in  u n c o v e re d  s ite s  h a v in g  h ig h e r  s u r fa c e  te m p e ra tu re s  an d  
e v a p o ra tio n  r a te s  th a n  so iled  s i te s  (S ee  C h a p te r  1) w hich can c a u se  w ilting  
d u r in g  h o t w e a th e r , while soil h a s  a f u r th e r  a d v a n ta g e  of re ta in in g  h e a t 
b e t t e r  th a n  spo il d u r in g  coo ler w e a th e r . T h ese  fa c to rs  to g e th e r  m ain tain  
a m ore c o n s ta n t  te m p e ra tu re  in  th e  ro o t zone of p la n ts  on so iled  s i te s .
T h e re  a re  th e re fo re  m any fa c to rs  c o n tr ib u tin g  to w a rd s  th e  
im p ro v ed  g ro w th  o b s e rv e d  on so iled  s i te s ,  a n d  in sum m ary  i t  may b e  sa id  
th a t  co llie ry  spo il b r in g s  to g e th e r  m any of th e  p ro b lem s e n c o u n te re d  in  
p o o r so ils .
210
5 .5 .2  R oot g ro w th  on so iled  s ite s
Many w o rk e rs  h a v e  show n th a t  f e r t i l iz e r  n i t ro g e n  a n d  p h o s p h o ru s  
to g e th e r  cau se  p ro life ra tio n  of p la n t  ro o ts  in  th e  f e r t i l iz e d  zo n e , w ith  an 
in c re a s e  in th e  n u m b e r of ro o ts  d ev e lo p in g  an d  g r e a te r  b ra n c h in g  of th e s e  
ro o ts  (D u n can  a n d  O h lro g g e  1958, R u sse ll 1973, F i t t e r  a n d  B radshaw  1974, 
R ob inson  a n d  R o rison  1985). T h e  r a te  of g row th  of th e  p r im a ry  ro o ts  is  
n o t s ig n if ic a n tly  e n h a n c e d , b u t  th e  in c re a s e  in g ro w th  a n d  b ra n c h in g  of 
th e  sm aller ro o ts  le a d s  to  an  a p p re c ia b le  in c re a s e  in th e  s u r fa c e  a re a  of 
ro o t t i s s u e  in  c o n ta c t w ith  th e  soil a n d  f e r t i l iz e r ,  r e s u l t in g  in  a h ig h e r  r a te  
of w a te r  an d  n u t r i e n t  u p ta k e .  A s a r e s u l t  a p la n t c o v e r can  b e  m a in ta in ed  
a d e q u a te ly  b y  th is  p ro lif ic  ro o t sy stem  ex p lo itin g  a re la tiv e ly  sm all volum e 
of so il. S ince th e  soil u s e d  as  a c o v e r  is  fe r ti l iz e d  a t s e e d in g , th e re  a re  
su f f ic ie n t n u t r ie n ts  in  th is  la y e r  to  in d u c e  b en efic ia l ro o t d ev e lo p m en t an d  
no  n e e d  fo r ro o ts  to  p e n e t r a te  th e  u n d e r ly in g  spo il in  th e  e a r ly  s ta g e s  of 
g ro w th , w ith  th e  r e s u l t  th a t  ro o t d e n s ity  in  th e  soil is  c o n s id e ra b ly  h ig h e r  
th a n  th a t  in th e  sp o il.
R oots le av in g  a f e r t i l iz e d ,  w e ll - s t ru c tu re d  soil la y e r  c ro s s  th e  
so il/sp o il in te r fa c e  le av in g  a w e ll-b u f fe re d  an d  chem ically  fa v o u ra b le  
e n v iro n m en t a n d  e n te r  a medium h ig h e r  in  so lu b le  s a l t s ,  e x c h a n g e a b le  
a c id ity  a n d  le v e ls  of tr a c e  m e ta ls , all of w hich a c t a g a in s t  ro o t d evelopm en t 
an d  g ro w th , e .g .  on E n te rk in e  v e ry  few ro o ts  w ere  fo u n d  in th e  spo il 
m a te ria l b e c a u se  of low pH .
A fa c to r  w hich  h a s  g r e a t  e f fe c t ,  c a u s in g  a re d u c tio n  in ro o tin g  
a c ro s s  th e  in te r fa c e  is  th e  p h y s ic a l n a tu re  of th e  sp o il. R oo ts  te n d  to  
s ta y  in  th e  soil la y e r  sim ply b e c a u se  th e y  a re  follow ing th e  ro u te  w hich
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o ffe rs  le a s t  r e s is ta n c e .  S ince th e  soil h a s  a m ore f r ia b le  s t r u c tu r e  th a n  
th e  com pacted  sp o il, r o o ts ,  on re a c h in g  th e  in te r f a c e  tu r n  la te ra l ly  an d  
rem ain  in  th e  so il r a th e r  th a n  c o n tin u e  to  t r a v e l  d o w n w a rd s . T h is 
fa c to r  alone d is c o u ra g e s  d e e p e r  ro o tin g  ev en  w hen  th e  spo il is  n o t of 
p a r t ic u la r ly  p o o r  q u a lity  from  th e  n u tr i t io n a l  p o in t of view an d  is  f re e  
from  to x ic  le v e ls  of t r a c e  m etals . E v id en ce  of th e  e x is te n c e  of a 
s t r u c tu r a l  b a r r i e r  can  b e  seen  c le a rly  w hen a s to n e  t r a v e r s in g  th e  
b o u n d a ry  is  rem o v ed ; ro o ts  a re  eq u a lly  as a b u n d a n t  on b o th  s id e s .
T h is  in d ic a te s  th a t  i t  is n o t sim ply a n u tr i t io n a l  p rob lem  w hich  is 
p re v e n t in g  o r  d isc o u ra g in g  ro o t p e n e tra t io n  b u t  a p h y s ic a l problem  a lso , 
as  ro o ts  f in d  an  e a s ie r  ro u te  a ro u n d  a s to n e  th a n  th e y  do moving d ire c tly  
in to  th e  com pacted  sp o il. T he  g r e a te r  d e p th  a t ta in e d  b y  ro o ts  w hen a 
d e e p e r  soil la y e r  is  u s e d  is  a r e s u l t  of a s t r o n g e r  ro o tin g  system  d ev e lo p ­
in g  in  th e  soil b e fo re  c ro s s in g  th e  in te r f a c e ,  th e re b y  in c re a s in g  th e  
p e n e tra t in g  p o w er of th e  ro o ts .
5 .5 .3  R eclam ation  u s in g  a soil co v e r
If  a soil c o v e r  is  u s e d , th e  norm al p ra c t ic e  a f te r  s to n e  rem oval 
( s to n e s  g r e a te r  th a n  10 cm d iam ete r) is  f i r s t  to com pact th e  spoil to  g ive 
a f irm , le v e l s u r f a c e  b e fo re  soil s p re a d in g . T h e  a d v a n ta g e s  of com paction 
a r e ,  f i r s t ly ,  to p ro v id e  a com pact la y e r  le s s  liab le  to  su b s id e n c e  an d  
se c o n d ly , to  e f fe c tiv e ly  sea l th e  spo il from  th e  a tm o sp h e re  an d  expel m ost 
of th e  a i r ,  th u s  p r e v e n t in g ,  o r a t  le a s t  slow ing  dow n , o x id a tio n  of iro n  
p y r i te s  w h ich  r e s u l t s  in  ac id  p ro d u c tio n  (S ee  C h a p te r  1 ). H ow ever, th e  
fa c t th a t  ro o ts  e x te n d  below th e  soil la y e r  s u g g e s ts  th a t ,  w ith  some 
im pro v em en t, th e  spo il cou ld  s u p p o r t  a la rg e r  ro o t p o p u la tio n  an d  th e re b y
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a v e g e ta tio n  c o v e r  le s s  d e p e n d e n t on th e  soil la y e r  a lone.
I t  m ay b e  a s k e d  w h e th e r  i t  is  d e s ira b le  to  e n co u ra g e  d e e p e r  
ro o t in g ,  o r  if  p la n ts  can  b e  s u p p o r te d  a d e q u a te ly  b y  th e  soil la y e r  a lo n e , 
w hile k e e p in g  th e  in f lu e n c e  of th e  spo il rem oved  as  f a r  as p o ss ib le . 
H ow ever, th e  u ltim a te  aim of b r in g in g  d is u s e d  la n d  b a c k  in to  p ro d u c tiv e  
u s e  can  on ly  b e  a c h ie v e d  b y  ta k in g  th e  spo il in to  acc o u n t an d  c o n s id e r­
in g  th e  so il c o v e r  sim ply as  an  aid  to  rec lam atio n  a n d  n o t as a m eans of 
b u ry in g  th e  w aste  p ro b lem . If  th e  la y e r  of soil u se d  is  su ff ic ie n tly  
th ic k  a n d  is  of su ita b le  q u a l ity ,  th e n  i t  will e ffe c tiv e ly  rem ove th e  
in f lu e n c e  of th e  spo il from  th e  p la n ts  co m p le te ly . T h is  w ould n o t 
r e s t r i c t  th e  u se  of th e  recla im ed  la n d  to  g r a s s  p ro d u c tio n  alone, b u t  
w ould g iv e  la n d  w hich  cou ld  s u p p o r t  h ig h  y ie ld in g  a ra b le  sp e c ie s , a n d  
th e r e  w ould  be  l i t t le  d a n g e r  th a t  s u c h  la n d  w ould  s u f fe r  re g re s s io n  
th ro u g h  th e  in f lu e n c e  of th e  sp o il. P ow er e t a l. (1981) s tu d y in g  five 
c ro p s  (a lfa lfa , c r e s te d  w h e a t-g r a s s ,  n a tiv e  w arm -seaso n  g ra s s e s  an d  
s p r in g  w heat) g row n  on v a ry in g  th ic k n e s s e s  of su bo il an d  to pso il o v e r 
sod ic  m ine spo il in  N o rth  D ak o ta , fo u n d  in c re a s e s  in  c ro p  y ie ld  w ith  
in c re a s in g  soil la y e r  th ic k n e s s  up  to  75-120 cm , w ith  g re a te s t  y ie ld  
o c c u r r in g  w hen  20 cm of top so il w as p la c e d  o v e r  55-110 cm of su b so il. 
H ow ever, d u e  to  s h o r t  su p p ly  a n d  h ig h  c o s t,  th e  th ic k n e s s  of th e  soil 
la y e r  n o rm ally  v a r ie s  from on ly  2 .5  c m -15 cm a n d  i t  is  th e re fo re  im possi­
b le  to  ig n o re  th e  spo il e f fe c ts .  I f  th e  v e g e ta tio n  c o v e r cou ld  ta p  on ly  
th o se  n u t r i e n t  r e s e r v e s  in  th is  n a rro w  soil b a n d  it  w ould r e q u ire  c a re fu l 
m anagem ent a n d  h ig h  fe r ti l iz e r  in p u ts  to  m ain tain  a g ra s s  co v e r o v e r  a 
n u m b e r of s e a s o n s ,  w hile c o n tin u o u s  c ro p p in g  w ould  lead  to d o w n g rad in g  
of th e  soil s t r u c t u r e  a n d  re d u c e d  c ro p  y ie ld .
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P la n t ro o ts  open  up  a n d  im prove th e  s t r u c tu r e  of soil an d  
sp o il,  c re a tin g  c h a n n e ls  b y  w hich  a ir  a n d  w a te r  can  e n te r  a n d  th ro u g h  
w h ich  g a se o u s  e x c h a n g e  ta k e s  p la c e . R oots grow  on ly  u n d e r  aerob ic  
c o n d itio n s , w h ich  r e q u ir e  th e  f re e  e n t ry  of o x y g en  a n d  th e  f re e  p a s s a g e  
of r e s p i r a to r y  p ro d u c ts  aw ay from  th e  ro o t s u r fa c e , th e re fo re , ex p u ls io n  
of a ir  from  th e  spo il a n d  c o v e rin g  w ith  a soil la y e r  will r e d u c e  i ts  
s u ita b il i ty  fo r  ro o t g ro w th . C e r ta in  p ra c t ic e s  cou ld  b e  a d o p te d  w hen 
rec la im in g  spoil w ith  a soil c o v e r  w h ich  w ou ld , in th e  lo n g - te rm , c re a te  a 
d e e p e r  c u ltiv a tio n  la y e r  an d  a d e e p e r  ro o t zone, th u s  a p p ro a c h in g  a 
s itu a tio n  m ore ak in  to  a soil p ro f ile  th a n  sim ply a soil c o v e re d  w aste .
If  th is  co u ld  b e  a c h ie v e d  a c ro p  ro ta t io n  sy stem  cou ld  b e  in tro d u c e d  to  
c o n tin u o u s ly  u p g ra d e  th e  la n d .
Some of th e  recom m endations o u tlin ed  in  th e  follow ing se c tio n s  
may b e  s lig h t ly  m ore co s tly  in itia lly  th a n  th e  s ta n d a rd  rec lam ation  
te c h n iq u e s  in  u s e .  H ow ever, th e  lo n g -te rm  r e s u l t  w ould  be  th e  c re a tio n  
of la n d  w hich  is  m ore s e l f - s u s ta in in g ,  a n d  n o t r e q u ir in g  p e rio d ic  h e a v y  
a p p lic a tio n s  of f e r t i l iz e r  w hich  c h a ra c te r is e  many rec la im ed  s i te s .
5 .6  R ecom m ended P ra c tic e s  to  E n c o u ra g e  D eep er Eooting w hen  a Soil 
C o v e r is  U sed
5 .6 .1  R e ta in in g  an  open  s t r u c tu r e  of th e  spoil
S ince  p la n t  ro o ts  c ro s s  th e  so il/sp o il in te r f a c e ,  p ro v id e d  th e re  
a re  no  fu n d am e n ta l chem ical o r  p h y s ic a l fa c to rs  p re v e n tin g  th em , ro o t 
p e n e tr a t io n  w ould  b e  a id ed  b y  n o t com pacting  th e  spo il s u r fa c e  b e fo re  
soil s p r e a d in g .  S ince th e  co s t of rec lam atio n  is g o v e rn e d  to  a la rg e
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e x te n t  b y  th e  n u m b e r of tim es m achines a re  p u t  on th e  s i te ,  th is  p ra c tic e  
w ould  in  fa c t re d u c e  th e  co s t of eac h  p ro je c t,  w hile e n c o u ra g in g  a s lig h t 
d e g re e  of so il/sp o il in te g ra t io n ,  m aking  ro o t p e n e tra t io n  e a s ie r .
5 .6 .2  A dd ition  of lime to  th e  spo il
I f  th e  spo il is  a c id , b y  th e  in c o rp o ra tio n  of lime in to  th e  top  
10-15 cm a t  a r a te  su ff ic ie n t to ra is e  th e  pH to  6 .2 -6 . 5 b e fo re  soil 
s p r e a d in g ,  ro o tin g  w ould  b e  e n c o u ra g e s  in  th e  follow ing w ays:
(a ) As ro o t g ro w th  is  r e d u c e d  u n d e r  acid  c o n d itio n s , ra is in g  spoil 
pH w ould in  i ts e lf  e n c o u ra g e  ro o t g ro w th . An exam ple of th e  p re v e n tio n  
of ro o t g ro w th  b y  spo il a c id ity  is  show n b y  th e  alm ost com plete a b se n c e  
of ro o ts  below  th e  soil la y e r  on E n te rk in e  (sp o il pH 2 .2 -3 .1 ) .
(b )  By in c o rp o ra tin g  lime u s in g  a d isc c u l t iv a to r ,  h eav y  spoil 
s t r u c t u r e  w ould be  im p ro v ed .
(c )  Lime in f lu e n c e s  th e  s t r u c tu r e  of h e a v y - te x tu r e d  sp o ils , 
b r in g in g  to g e th e r  c lay  p a r t ic le s  as  floccs o r loose a g g re g a te s  an d  
re d u c in g  b u lk  d e n s i ty .
(d )  B y ra is in g  th e  spo il pH th e  av a ilab ility  of t r a c e  m etals w ould 
b e  r e d u c e d ,  th u s  p ro te c tin g  th e  p la n ts  from p o ss ib le  t r a c e  m etal to x ic ity , 
a n d  th e  p h o s p h a te  fix in g  cap a c ity  w ould also be r e d u c e d .
5 .6 .3  A dd ition  of lime an d  fe r t i l iz e r  to  th e  spo il
A dd itio n  of a small am ount of com pound fe r t i l iz e r  w ith  th e  lime 
w ould  g ive  all th e  a d v a n ta g e s  of lim ing , an d  w ould g ive  th e  p la n t co v e r 
a f u r th e r  a id  b y  su p p ly in g  it  w ith  a re a d ily -a v a ila b le  so u rc e  of n u t r ie n ts .  
R oo ting  is  e n c o u ra g e d  b y  fe r ti liz a tio n  of th e  ro o t zo ne , a n d  a lth o u g h  th e
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n u tr i e n ts  su p p lie d  w ould  b e  u s e d  u p  ra p id ly  (d u e  to  th e ir  r e a d y  a v a ila b ili ty ) , 
th e  m ore v ig o ro u s  a n d  e x te n s iv e  ro o t sy stem  w ould ex p lo it a la rg e r  volum e 
of sp o il. O nce th e  ro o ts  h ad  becom e e s ta b l is h e d  a n d  u s e d  u p  th e  a d d e d  
f e r t i l iz e r ,  th e  spo il may n o t be capab le  of s u p p o r tin g  s u c h  a p ro lific  ro o t 
sy stem  d u e  to i t s  low n u t r i e n t  s ta tu s .  H ow ever, ev en  w ith  a h ig h  p r o p o r t ­
ion of th e  ro o t in c re m e n t d u e  to  fe r ti liz a tio n  d y in g  b a c k , s t r u c tu r e  w ould 
b e  im p ro v ed  a n d  n u t r i e n ts  from  th e  decom position  of th e  ro o ts  w ould b e  
a d d e d .
5 .6 .4  A dd ition  of o rg a n ic  m a tte r  to th e  spoil
A dd ition  of an  o rg an ic  am endm ent su c h  as fa rm y a rd  m an u re , 
sew age s lu d g e , p e a t  o r  f r e s h  p la n t r e s id u e s  w ould im prove  spo il s t r u c tu r e  
of h e a v y - te x tu r e d  s p o ils , a n d  in c re a se  th e  w a te r  h o ld in g  c a p a c ity  of f r e e -  
d ra in in g  sp o il, w ith  th e  b reak d o w n  of th e  o rg an ic  m a tte r  su p p ly in g  n u t r i e n t s .  
A dd ition  of a l ig h t  d re s s in g  of lime w ith  th e  o rg an ic  m a tte r  w ould  aid  
b reak d o w n  in ac id  sp o ils . O rgan ic  m a tte r p e rfo rm s  m any fu n c tio n s  in  th e  
soil w h ich  may b e  su m m arised  as follows (D onahue  e t a l. 1971) :
(a) P la s tic ity  a n d  cohesion  of h e a v y , c lay ey  soil is  re d u c e d  an d  
d ra in a g e  is  im p ro v ed .
(b )  W ater h o ld in g  c a p a c ity  of c o a rse , loose soil is  in c re a s e d .
(c ) G ran u la tio n  is  e n c o u ra g e d .
(d )  C ation  e x c h a n g e  cap a c ity  is  in c re a s e d .
(e )  Upon d ecom position , o rg an ic  m atter su p p lie s  n u t r i e n ts .
(f)  Long c o n tin u e d  u se  of h ig h  lev e ls  of m an u re  can  so im prove
soil s t r u c tu r e  th a t  g erm in a tio n  an d  seed lin g  g ro w th  a re  g re a t ly  im proved  in
216
d if f ic u lt  y e a r s .
(g )  M icrobial a c t iv ity  is  e n c o u ra g e d , r e s u l t in g  in  th e  p ro d u c tio n  of 
m icro b ia l gum s w hich  im prove th e  s t r u c t u r e  of c o a rs e  so ils .
(h )  B reak d o w n  p ro d u c ts  su ch  as c i t r a te s  a n d  o x a la te s  com bine w ith  
iro n  a n d  alum in ium , re le a s in g  a d s o rb e d  p h o s p h a te  a n d  re d u c in g  p h o sp h a te  
a d s o r p t io n .
S ince  m ost sp o ils  a re  low in  m in e ra lisa b le  o rg a n ic  m a tte r  th e  
b e n e f i ts  of o rg a n ic  m a tte r  ad d itio n  will b e  g r e a te r  th a n  th o se  g a in ed  in  a 
so il.
5. 7 R eclam ation  W ithout th e  Use of a Soil C o v e r
W hen th e r e  is  no so u rce  of soil w hich  can  b e  econom ically u se d  
as  a c o v e r ,  th e  spo il m ateria l m ust be  t r e a te d  as  a "soil" r e q u ir in g  c a re fu l 
m anagem ent a n d  ad d itio n s  of lime an d  f e r t i l iz e r .  T h e  norm al p ro c e d u re  
a d o p te d  is  to  ta k e  r e p re s e n ta t iv e  sam ples fo r  a n a ly s is  in o rd e r  to d e te rm in e  
lime a n d  f e r t i l iz e r  r a te s  a f te r  r e g ra d in g  of th e  s u r fa c e  is  com plete . H ow ever, 
if sam p les  w ere  ta k e n  b e fo re  r e g ra d in g ,  m any s i te s  co u ld  b e  reclaim ed  m ore 
s u c c e s s fu lly  b y  id e n tify in g  u n su ita b le  m ateria l fo r  b u r ia l ,  a n d  re ta in in g  
w e a th e re d  spo il fo r  s u r fa c e  s p re a d in g , th u s  g iv in g  a g r e a te r  ch an ce  of p la n t 
s u r v iv a l .
In c o rp o ra tio n  of o rg an ic  m a tte r  in th e  top  10-15 cm of th e  spo il 
w ould  im p ro v e  sp o il co n d itio n s  as d e s c r ib e d  in  sec tio n  5 .6 .4 .  O rgan ic  
m a te ria ls  w h ich  cou ld  b e  u se d  in c lu d e  fa rm y a rd  m a n u re , p o u ltry  m an u re , 
sew age s lu d g e , p e a t  an d  p u lv e r is e d  wood b a r k .
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5 .7 .1  A nim al w astes  a n d  sew ag e  s lu d g e
F a rm y a rd  m an u re  c o n ta in s  a b o u t 75% m o is tu re , a n d  on a v e ra g e  
a p p ro x im a te ly  ha lf th e  n i t r o g e n ,  a lm ost all of th e  p h o sp h o ru s  a n d  a b o u t 40% 
of th e  p o ta ss iu m  a re  fo u n d  in  th e  so lid  p a r t .  H ow ever, th e  a d v a n ta g e s  of 
th e  so lid  form a re  o ffse t b y  th e  re a d y  a v a ila b ility  of th e  n u t r i e n t s  in  th e  
l iq u id  f ra c tio n  g iv in g  s lu r r y  a p p ro x im a te ly  th e  same n u tr i t io n a l v a lu e  as 
th e  so lid  form .
P o u ltry  m anure  is  r ic h e r  in  n i t ro g e n  th a n  most o th e r  b u lk y  o rg an ic  
m a n u re s  a n d  th e  n it ro g e n  is  m ore re a d ily  av a ilab le . I t  is  u su a lly  a p p lie d  
m ixed  w ith  b e d d in g  l i t t e r  s u c h  a s  s tra w  o r  wood sh a v in g s  g iv in g  a f r ia b le  
p ro d u c t  w ith  ap p ro x im ate ly  30% m o is tu re  c o n te n t .
D ig es ted  sew age s lu d g e  may b e  u s e d  e i th e r  in a liq u id  o r  cak e  
fo rm . L iq u id  s lu d g e  co n ta in s  2-5% b y  w e ig h t of d ry  so lids a n d  h a s  th e  
a d v a n ta g e  o v e r th e  cake  form  (20-35% d ry  so lid s) in  th a t  th e  n u t r i e n ts  in  
th e  liq u id  a re  in  a re a d ily  av a ilab le  fo rm . Q uality  of sew age s lu d g e  v a r ie s  
g re a t ly  d e p e n d in g  on th e  s o u rc e ,  th e  main p rob lem  b e in g  th e  p re s e n c e  of 
h ig h  le v e ls  of tr a c e  m etals in sam ples from  in d u s tr ia l  a re a s .
E ach of th e se  m a te ria ls  m ay th e re fo re  be ap p lied  as  a liq u id  b y  
s p ra y in g  o r in a so lid  form b y  a d u n g  s p r e a d e r ,  th e  liq u id  form  s u p p ly in g  
r e a d ily  av a ilab le  n u tr ie n ts  a n d  li t t le  o rg a n ic  m a tte r , w ith  th e  so lid  form  
a d d in g  o rg a n ic  m a tte r  w ith  s low er re le a s e  of n u t r i e n ts .
5 .7 .2  P e a t a n d  wood w astes
T h e  c o n te n t of p la n t  n u t r i e n t s  a n d  th e ir  a v a ilab ility  in  p e a t ,  wood 
s h a v in g s  a n d  wood b a r k  a re  ex tre m e ly  low , a n d  fo r  th is  re a s o n  th e y  may be  
c o n s id e re d  so lely  as a so u rc e  of o rg a n ic  m a tte r ,  h av in g  a p h y s ic a l r a th e r
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th a n  a chem ical e f fe c t .  In c o rp o ra tio n  of 10-20 to n n e s /h a  to  a d e p th  of 
10-15 cm w ould im p ro v e  s t r u c tu r e  b u t  h av e  a n e g lig ib le  e f fe c t on n u t r ie n t  
s t a tu s .  T he  c a rb o n :n i t r o g e n  ra tio  of wood b a r k  can  v a ry  from  40:1  to 
200: 1 a n d  th e re fo re  l i t t le  b reak d o w n  w ould o ccu r in th e  spo il d u e  to  lack  
of n i t ro g e n .  S poils  w ith  a h e a v y  te x tu r e  w ould b e n e f i t  b y  a re d u c tio n  in  
b u lk  d e n s ity .  H ow ever, th e  e f fe c t on c o a rse  te x tu r e d  sp o ils  w ould be  to 
a g g ra v a te  th e  p rob lem  of low w a te r  ho ld ing  c a p a c ity , s in ce  th e s e  m a te ria ls  
a r e  h ig h  in lig n in  a n d  ce llu lo se  an d  do n o t w et ea s ily . In  o rd e r  to  in c re a se  
th e i r  w e tab ility  a n d  to  m ake them  m ore e ffec tiv e  as spo il am en d m en ts , th e se  
m a te ria ls  cou ld  f i r s t  b e  com posted  b e fo re  spoil in c o rp o ra tio n .
From th e  p o in t of view of ad d in g  o rg an ic  m a tte r  a n d  p la n t 
n u t r i e n t s ,  com post a n d  f r e s h  o rg a n ic  r e s id u e s  a re  eq u a lly  e f fe c tiv e . 
H ow ever, b re a k in g  dow n of r e s i s ta n t  o rg an ic  m a te ria ls  h a s  tw o main 
a d v a n ta g e s ,  due  to  th e  ac tio n  of b a c te r ia  an d  fu n g i in  th e  com post h eap . 
F i r s t ly ,  p la n t cell wall m a te ria l is  b ro k e n  dow n, re le a s in g  n u t r i e n t s  an d  
r e ta in in g  them  in an  av a ilab le  form  u n til th e  com post is  a d d e d  to  th e  sp o il, 
a n d  seco n d ly , th e  f r ia b le  re s id u e  le f t  a f te r  cell wall d e s tru c t io n  h as  a m uch 
h ig h e r  w a te r  h o ld in g  c a p a c ity . C om posting  of wood w a s te s  w ould  re le a se  
v ir tu a l ly  no p la n t n u t r i e n t s ,  b u t  th e  p h y s ic a l p ro p e r t ie s  w ould  b e  im p ro v ed , 
a n d  b reak d o w n  in  th e  spo il w ould  be more ra p id  p ro v id e d  th a t  spo il 
co n d itio n s  w ere fa v o u ra b le . A well decom posed  com post co u ld  b e  made by  
m ixing fa rm y a rd  m an u re  o r p o u ltry  m an u re  w ith  a wood w a s te , a c tiv e  decay  
o rg an ism s  su p p lie d  b y  th e  m an u re  b re a k in g  down th e  o rg a n ic  m a tte r  in th e  
p re s e n c e  of n i t ro g e n ,  w hile th e  ad d itio n  of lime to  m ain ta in  a n e a r  n e u tra l  
pH of th e  p ile  w ould a lso  a id  b re a k d o w n .
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S ince  i t  is  n o t a lw ays p o s s ib le , d u e  to  b a d  w e a th e r  o r  g ro u n d  
c o n d itio n s , to  u tiliz e  an  o rg a n ic  am endm ent a s  i t  becom es av a ilab le , 
com posting  o f fe r s  a w ay of s to r in g  th e se  m a te ria ls  u n ti l  th e y  can  b e  u s e d , 
w hile p ro d u c in g  a m ore e ffe c tiv e  spoil c o n d itio n e r  d u r in g  s to ra g e .
5. 8 C h a n g e s  in  S p ec ies  C om position of th e  S w ard
A p p e n d ix  II  shows, th e  seed  m ix tu re  u se d  on each  s ite  a t 
rec lam atio n  a n d  a l i s t  of th e  sp ec ie s  fo u n d  g row ing  in  1979/80. No 
a tte m p t w as m ade to  e s tim a te  th e  p e rc e n ta g e  com position  of th e  sw a rd , an d  
th is  l i s t  sim ply  show s th o se  sp ec ie s  w hich h a v e  s u rv iv e d  o r h av e  in v a d ed  
n a tu ra l ly .  A ny  s i te ,  o r p a r t  of a s i te ,  w h ich  r e q u ir e d  re - s e e d in g  since  
th e  f i r s t  sw a rd  e s ta b lish m e n t w as r e p la n te d  w ith  b a s ica lly  th e  same seed  
m ix tu re  as u s e d  in i t ia lly ,  th is  b e in g  co n firm ed  b y  th e  la n d o w n e rs , th e  
on ly  e x c e p tio n  b e in g  L o ch o re  M eadows P h a s e II, In c h g a ll F arm , w here  p a r t  
of th e  s ite  was sow n w ith  k a le  fo r s t r ip - g r a z in g  b y  c a ttle  -  th is  schem e is  
d is c u s s e d  in  A p p e n d ix  I I .
T ab le  5 .5  l i s t s  th e  sp e c ie s  u s e d  on all s i te s  a n d  show s th e  num ber 
of s ite s  on w h ich  e ac h  h a s  d ied  o u t o r a p p e a re d  in th e  sw a rd .
T ab le  5 .5  show s th a t  p e re n n ia l r y e g r a s s  ( Lolium p e re n n e ) , 
tim o thy  (P h leum  p ra te n s e )  a n d  sm o o th -s ta lk e d  meadow g ra s s  ( Poa p r a te n s i s ) 
a r e  th e  m ost s u c c e s s fu l  g ra s s  sp ec ie s  p la n te d ,  a n d  a lth o u g h  th e  s u rv iv a l 
r a te  of common b e n t  ( A g ro s tis  te n u is ) is  low , it  h a s  n a tu ra lly  in v a d e d  b o th  
so iled  a n d  n o n -so ile d  s i te s .  C ocksfoo t ( D ac ty lis  g lo m era ta ) , r e d  fe scu e  
(F e s tu c a  r u b r a )  a n d  meadow g ra s s  (F e s tu c a  p r a te n s i s ) s u rv iv e  b e s t  on 
so iled  s i te s ,  w hile  c r e s te d  d o g 's - ta i l  ( C y n o s u ru s  c r i s t a tu s ) an d  ro u g h -  
s ta lk e d  meadow g ra s s  (P oa tr iv ia l is )  a re  m ore s u c c e s s fu l on th e  n o n -so ile d
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s i te s .  B row n top  (A g ro s tis  s to lo n ife ra ) d ies  o u t on all s i te s .  Of th e  
legum e sp e c ie s  p lan ted , w hite  c lover ( T rifo lium  r e p e n s ) an d  r e d  c lo v e r 
(T rifo liu m  p r a te n s e ) s u rv iv e  w ell an d  in v a d e  n a tu ra lly , p a r t ic u la r ly  on 
so iled  s ite s , while b ird s fo o t tre fo il (L o tu s  c o rn ic u la tu s ) and  a ls ik e  c lo v e r 
( T rifo lium  h y b r id u m ) do n o t s u rv iv e .
Of p a r t ic u la r  no te  is  th e  n a tu ra l  in v a s io n  of Y o rk sh ire  fog 
( H olcus la n a tu s ) an d  sw eet v e r n a l - g r a s s  ( A n th o x an th u m  odora tum ), 
p a r t ic u la r ly  th e  fo rm er w hich  com es in on b o th  so iled  an d  n o n -so ile d  s i te s .  
Y o rk s h ire  fog ( H olcus la n a tu s ) is a common, p e re n n ia l g ra s s  fo u n d  on 
ro u g h  g ra s s la n d  an d  w aste  land, in c lu d in g  co llie ry  spo il (B rad sh aw  an d  
C h ad w ick  1980), b u t  is  n o t r e g a rd e d  as s u ita b le  fo r g ra z in g . H ow ever, in  
view  of i t s  c ap a c ity  to  n a tu ra lly  in v a d e  co llie ry  spo il i t s  u se  in se e d  
m ix tu re s  as a m eans of e s ta b lis h in g  an  in itia l co v e r m ust be c o n s id e re d  
im p o r ta n t .
5 .9  Sum m ary
B efo re  com m encing w ork  on ea rth m o v in g  it  is  e s se n tia l th a t  spo il 
sam p les  from  each  a re a  of th e  s ite  a re  a n a ly se d , w h e th e r  o r n o t a soil 
c o v e r  is  u s e d .  L a b o ra to ry  an a ly s is , to g e th e r  w ith  a v isu a l a s se s sm e n t of 
th e  s i te  b e fo re  re g ra d in g  will id e n tify  a re a s  w hich  may p re s e n t  a p rob lem  
fo r  p la n t  g row th , su ch  as :
(a )  V ery  acid  m a te ria l
(b )  Spoil w hich h a s  a p a r t ic u la r ly  h ig h  iro n  p y r i te s  c o n te n t
(c )  A reas  w hich h av e  a s t r u c tu r a l  p rob lem  w hich could  h in d e r  
p la n t g row th , e . g .  f in e s  o r  coal w ash in g s  from s e tt l in g  lagoons.
(d )  A reas  of ru b b le  o r d e b r is .
By id e n tify in g  su c h  a r e a s ,  allow ance can  be  made a t  th e  p la n n in g  
s ta g e  to  e n s u re  th a t  th is  m a te ria l is  b u r ie d ,  to  rem ove its  in f lu e n c e  from 
th e  p la n ts ,  w hile m a te ria l s u ita b le  fo r  p la n t g ro w th  sh o u ld  b e  rem o v ed  fo r 
r e - s p r e a d in g  as a su r fa c e  m a te r ia l, o r i f  a soil co v e r is  u s e d ,  as m a te ria l 
im m ediately  below th e  soil la y e r .
B ased  on th e  e v id e n c e  co llec ted  from 13 s ite s  in  th e  C e n tra l  
S c o tt is h  C oalfie ld , i t  can  be  c o n c lu d e d  th a t  th e  u se  of a soil c o v e r  g iv es  
b e t t e r  g ro u n d  co v e r a n d  p la n t  g ro w th  th a n  tre a tm e n t of th e  b a r e  sp o il. 
H ow ever, on some so iled  s i te s ,  if  co n s id e ra tio n  h a d  been  g iv en  to  th e  spoil 
a t  rec lam a tio n , b e t te r  r e s u l t s  cou ld  h av e  b een  a c h ie v e d . F o r  exam ple , 
th e  p y r i t ic  w aste  on B ank  a n d  E n te rk in e  is a ffe c tin g  th e  soil c o v e r ,  m aking 
lim ing an d  r e - s e e d in g  n e c e s s a ry .  Lim ing of th e  spo il b e fo re  soil s p re a d in g  
w ould  slow down th e  r a te  of p y r i t e  o x ida tion  an d  m ain tain  a h ig h e r  pH of 
th e  sp o il, th u s  re d u c in g  th e  dam age to  th e  soil la y e r .  A p p ly in g  a top  
d re s s in g  of lime to  th e  soil to  r e p a i r  dam aged a re a s  has li t t le  e f fe c t on th e  
u n d e rly in g  spoil w hich may c o n tin u e  to  ox id ise  an d  p ro d u c e  ac id  fo r  m any y e a rs .  
T h is  exam ple i l lu s t r a te s  th e  im p o rtan ce  of spo il an a ly s is  if a soil c o v e r  is  
u s e d  an d  show s th e  in f lu e n c e  th a t  spo il can  h av e  on p la n t g ro w th .
T he d e p th  of ro o tin g  on so iled  s ite s  is  r e la te d  to th e  th ic k n e s s  of 
th e  soil la y e r ,  b u t  ro o t p e n e tra t io n  is  d isc o u ra g e d  by  th e  p h y s ic a l a n d  
chem ical p ro p e r t ie s  of th e  sp o il. In  o rd e r  to e n co u ra g e  d e e p e r  ro o tin g , 
w h ich  le a d s  to  a re d u c e d  d e p e n d e n c e  of th e  v e g e ta tio n  c o v e r on th e  soil 
la y e r  an d  give a co v e r le s s  p ro n e  to  d ro u g h t,  c e r ta in  p ra c t ic e s  a re  o u t­
lin e d  w hich r e q u ir e  l i t t le  e x t r a  e x p e n s e , an d  th e  e f fe c ts  of w h ich  w ould  
b e  lo n g  la s t in g .
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I f  th e r e  is  no  soil a v a ilab le , th e  a l te rn a t iv e  p ra c t ic e  u s e d  in th e  
p a s t  h a s  b e e n  th e  am endm ent of th e  spoil w ith  lime a n d  f e r t i l iz e r ,  w ith  
l i t t le  a t te n tio n  g iv e n  to  i t s  o rg an ic  c o n te n t.  S ince th e  a d d itio n  of o rg an ic  
m a tte r  to  soil is  a s ta n d a r d  p ra c t ic e  in an  a ra b le  s y s te m , d u e  to  an  u n d e r ­
s ta n d in g  of i t s  b e n e f ic ia l e f fe c ts  on soil c o n d itio n s  a n d  p la n t  g ro w th , an d  
as  th e  lev e l of m in e ra lisa b le  o rg an ic  m a tte r  in  spo il is  f a r  low er th a n  th a t  
of c u l tiv a te d  to p so il , i t  m u st b e  a sk e d  w hy th is  a s p e c t  of spo il m anagem ent 
h a s  b een  n e g le c te d  fo r  so lo n g . T h e re  a re  a n u m b e r o f ch ea p ly  availab le  
o rg a n ic  m a te ria ls  w h ich  w ould  am eliora te  b o th  th e  p h y s ic a l an d  chem ical 
p ro p e r t ie s  of th e  sp o il, im prov ing  spoil co n d itio n s  a n d  y ie ld .
When rec la im in g  w ith o u t th e  u se  of so il, m a te ria l w hich is 
rem o v ed  fo r u s e  as  a s u r fa c e  la y e r  cou ld  be  im p ro v ed  g re a t ly  d u r in g  
s to ra g e  th ro u g h  th e  u se  of lim e, fe r t i l iz e r ,  o rg a n ic  m a tte r  o r com post. 
S p re a d in g  th e  am en d ed  spo il as a 15 cm s u r fa c e  la y e r  o v e r  lim ed, uncom pac­
te d  spo il w ould g iv e  th e  g ra s s  an d  c lo v e r c o n s id e ra b le  h e lp  a t e s ta b lish m e n t, 
in d u c in g  b e t t e r  ro o t g ro w th  a n d  g iv ing  an  im p ro v ed  s u r fa c e  c o v e r w hich 
w ould  p ro te c t  th e  s i te  from  dam age th ro u g h  r u n - o f f  a n d  p o a c h in g .
APPENDIX I
T h e  follow ing is  a lis t in g  of pH , T am m -e x tra c ta b le  F e , A Z, Mn, 
N H ^ F -e x tra c ta b le  p h o s p h a te  a n d  p h o sp h a te  a d s o rp tio n  cap ac ity  of co llie ry  
spo il sam p les from  6 s ite s  in  th e  C e n tra l  S c o tt is h  coalfie ld .
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APPENDIX I I  -  DETAILS OF SITES SURVEYED IN CHAPTER 5
SIT E  NAME ;
LOCATION :
DATE OF COMPLETION :
SOIL COVER
SOIL TYPE :
FERTILIZER TREATMENT :
LIMING RATE
SEEDING RATE :
SEED MIXTURE :
E n te r  k in e
M ossblown F arm , A n n b a n k , S tr a th c ly d e  
J u ly  1975 
7 -  15 cm 
S an d y  clay  loam
510 k g /h a  of 20 :10 :10  com pound fe r t i l iz e r  
380 k g /h a  of s u p e rs la g  ( 0 : 1 6 : 0 )
2. 5 to n n e s / ha
70 k g / ha
S p ec ies  % b y  w e ig h t
P e re n n ia l r y e g r a s s  ( Lolium p e re n n e ) 35
R ed  fe scu e  ( F e s tu c a  r u b r a ) 23
T im othy  ( Phleum  p r a te n s e ) 20
S m o o th -s ta lk ed  meadow g ra s s  (Poa p r a te n s i s ) 10
Brow n top  (A g ro s tis  s to lo n ife ra ) 5
W hite c lo v er ( T rifo lium  re p e n s )  7
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SPECIES PRESENT 1979/80
P e re n n ia l r y e g r a s s  (Lolium p e r e n n e )
R ed  fe sc u e  ( F e s tu c a  r u b r a )
T im othy (Phleum  p r a te n s e )
S m o o th -s ta lk e d  meadow g ra s s  (Poa p r a te n s i s )
Y o rk sh ire  fog ( H olcus la n a tu s )
Common b e n t  (A g ro s tis  te n u is )
S w eet v e rn a l  (A n th o x an th u m  o d o ra tu m )
White c lo v e r ( T rifo lium  r e p e n s )
PR O FIL E :
MOISTURE
DEPTH
(cm)
MATERIAL ROOTS PH CONTENT(%)
0-2 PLANT LITTER
2-6 SOIL VERY ABUNDANT 4 .5 17.0
6-10 it COMMON 4 .3 15.2
10+ COAL WASTE NONE 2 .9 9 .8
U SE: C a ttle  g ra z in g  w ith  some g ra s s  c u t fo r  h a y  an d  s ilag e
COVER ASSESSM ENT: 4 (P la te  7)
COMMENTS:
A lth o u g h  th e  v e g e ta tio n  co v er is  g e n e ra lly  good, th e re  a re  
some b a re  p a tc h e s  d u e  to  th e  ox id a tio n  of p o c k e ts  of p y r i t ic  m ateria l 
c a u s in g  a re d u c tio n  in  pH  an d  th e  em erg en ce  of i ro n -e n r ic h e d  w a te r a t 
th e  s u r fa c e  (P la te  8) . T h e se  b a re  p a tc h e s  a re  d u e  to  u n e v e n  sp re a d in g
233
PLATE 7 - ENTERKINE - Surface
PLATE 8 - ENTERKINE - Evidence of pyrite oxidation in underlying spoil 
affecting soil cover.
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of th e  soil la y e r  o r  p o ach in g  b y  anim als, r e s u l t in g  in e x p o su re  of th e  
ac id  coal w aste , an d  can  b e  t r e a te d  b y  a d d itio n s  of lime an d  f e r t i l iz e r  
a n d  r e - s e e d in g .  Lime sh o u ld  n o t b e  a d d e d  as a top  d re s s in g  b u t  
sh o u ld  b e  in c o rp o ra te d  in to  th e  soil la y e r .  T h e  v e ry  acid  n a tu r e  of 
th e  coal w aste  is c lea rly  in flu e n c in g  th e  fa ir ly  shallow  soil la y e r , b a re  
p a tc h e s  h a v in g  su rfa c e  pH v a lu es  of 2 0 3 -2 . 8 com pared  to 4 .8 -5 .3  on 
a d ja c e n t, v e g e ta te d  a re a s .  R oo ting  is  c o n fin e d  solely to th e  soil la y e r .  
T h is  s i te  is  an  exam ple of w here  lim ing of th e  spoil b e fo re  soil s p re a d in g  
w ould  h a v e  b een  b en e fic ia l.
P e rio d s  of h e a v y  ra in  c a u se  s a tu ra t io n  of th e  soil la y e r  w hich 
le a d s  to  p o ach in g  b y  anim als a ro u n d  g a te s  a n d  tro u g h s  an d  to  some 
m ovem ent of th e  soil la y e r  on th e  s lo p es  (P la te  9 ). Poach ing  d u r in g  
th e  w in te r  of 1979 was s e v e re  b u t  dam aged  a re a s  re c o v e re d  well th e  
fo llow ing y e a r .  W ater d ra in in g  th ro u g h  th e  soil la y e r  does n o t 
p e n e t r a te  th e  u n d e r ly in g  spo il b u t  flow s d o w n-slope  along th e  so il/ spo il 
in te r f a c e  an d  can  b e  seen  em erg ing  a t an  ex p o se d  b a n k  c a u s in g  e ro sio n  
of th e  b a n k  (P la te  10) an d  con tam ina tion  of a s tream  ru n n in g  along  th e  
e d g e  of th e  s i te .
T h e  lim ing r a te  u s e d  on th is  s i te  was v e ry  low an d  th e  spo il 
is  e v id e n tly  p y r i t ic ,  c a u s in g  dam age to  th e  soil la y e r , re s u lt in g  in  
d e s t ru c t io n  of th e  v e g e ta tio n  c o v e r .
PLATE 9 - ENTERKINE - Damage to soil layer.
PLATE 10 - ENTERKINE - Eroded bank showing saturated soil layer.
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SITE NAME :
LOCATION :
DATE OF COMPLETION :
SOIL COVER :
SOIL TYPE :
FERTILIZER TREATMENT :
LIMING RATE 
SEEDING RATE 
SEED MIXTURE
S e a fo rth
New Cum nock, S tr a th c ly d e  
A u g u s t 1978 
8 - 2 0  cm 
C lay loam
510 kg / h a  of 20 :10 :10  com pound fe r t i l iz e r  
380 k g / h a  s u p e r s la g  ( 0 : 16 : 0 )
3. 5 to n n e s / h a
65 kg / ha
S p ec ies  % b y  w e ig h t
P e re n n ia l r y e g r a s s  ( Lolium p e re n n e ) 30
R ed  fe sc u e  ( F e s tu c a  r u b r a ) 20
Tim othy ( Phleum  p r a te n s e ) 20
R o u g h -s ta lk e d  meadow g ra s s  ( Poa t r iv ia l is ) 10
S m o o th -s ta lk ed  meadow g r a s s ( Poa p r a te n s i s ) 7
B row n top  ( A g ro s tis  s to lo n ife ra ) 5
R ed  c lo v e r ( T rifo lium  p r a te n s e ) 4
White co v e r ( T rifo lium  r e p e n s ) 4
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SPECIES PRESENT 1979/ 80
P e re n n ia l r y e g r a s s  ( Lolittm p e r e n n e )
R ed  f e s c u e  (F e s tu c a  r u b r a )
T im othy  ( Ph leum  p r a te n s e )
S m o o th -s ta lk e d  meadow g ra s s  ( Poa p r a te n s i s )
Y o rk sh ire  fog  ( H olcus la n a tu s )
W hite c lo v e r  (T rifo lium  r e p e n s )
PR O FIL E :
MOISTURE
DEPTH
(cm)
MATERIAL ROOTS pH CONTENT
(%)
0-2 PLANT LITTER
2-4 SOIL VERY ABUNDANT 5.8 21.0
4-8 H ABUNDANT 5. 7 16.0
8-15 COAL WASTE FEW 6.7 5 .9
15+ 1! 1! NONE 6 .8 5 .1
USE t. C a ttle  g ra z in g  
COVER ASSESSM ENT: 4
COMMENTS:
G en era lly  th e  g row th  of g ra s s  a n d  c lo v e r is  good (P la te  11) 
w ith  good s u r fa c e  c o v e r . T he r e g ra d e d  s u r fa c e  fo rm s a s e r ie s  of low 
r id g e s  w ith  d ra in a g e  c h an n e ls  be tw een  th e m . T h e  top  an d  slopes of th e  
r id g e s  a re  w e ll-d ra in e d  and  s u p p o r t  good g ro w th , b u t  d u r in g  w et w e a th e r  
th e  low er a re a s  becom e w a te rlo g g ed  an d  th e  d ra in a g e  c h an n e ls  fill w ith
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PLATE 11 - SEAFORTH - General view.
PLATE 12 - SEAFORTH - Waterlogging in low-lying areas.
w a te r  d u e  to  th e  im perm eab ility  of th e  spo il (P la te  12). A s a r e s u l t  of 
th is ,  a n d  th e  h e a v y  te x tu r e  of th e  so il, dam age d u e  to  p o ach in g  o c c u rs .  
A lth o u g h  th e  u n d e r ly in g  sp o il is  v e ry  com pacted, w ith  low m o is tu re  
c o n te n t, ro o ts  a re  fo u n d  to  31 cm.
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: B an k
: New Cumnock, S tra th c ly d e
1975 
: NONE
: 380 k g /h a  of 20:10:10  com pound fe r t i l iz e r
380 k g / h a  s u p e rs la g  (0 :1 6 :0 )
: NIL
: 90 kg / h a
% b y  w e ig h t
P e re n n ia l r y e g r a s s  ( Lolium p e r e n n e ) 30
R ed  fe sc u e  ( F e s tu c a  r u b r a ) 20
T im othy  ( Phleum  p r a t e n s e ) 20
S m o o th -s ta lk e d  meadow g ra s s  ( Poa p r a te n s i s ) 7 .5
R o u g h -s ta lk e d  meadow g ra s s  ( Poa t r iv ia l is ) 7 .5
B row n top  (A g ro s t is  s to lo n ife ra ) 5
R ed  c lo v e r ( T rifo lium  p r a te n s e ) 5
W hite c lo v e r ( T rifo lium  r e p e n s ) 5
SIT E  NAME 
LOCATION
DATE OF COMPLETION 
SOIL COVER 
SOIL TYPE
FERTILIZER TREATMENT
LIMING RATE 
SEEDING RATE 
SEED MIXTURE
S p ec ies
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SPECIES PRESENT 1979/ 80
R ed  fe s c u e  ( F e s tu c a  r u b r a )
T im othy ( P h leum  p r a te n s e )
S m o o th -s ta lk e d  meadow g ra s s  ( Poa p r a te n s i s )
Common b e n t  ( A g ro s tis  te n u is )
Y o rk sh ire  fog  ( H olcus la n a tu s )
R ed  c lo v e r ( T rifo lium  p r a te n s e )
White c o v e r  ( T rifo lium  r e p e n s )
PR O FIL E :
MOISTURE
DEPTH
(cm)
MATERIAL ROOTS PH CONTENT
(%)
0-2 COAL WASTE VERY ABUNDANT 5.1 7.5
2-18 !l It ABUNDANT 5.2 9 .7
18-25 It I COMMON 3.6 7 .9
25-34 I It FEW 4 .2 8 .3
34+ It I NONE 4.2 7.0
U SE : C a ttle  g ra z in g
COVER A SSESSM EN T: 2 (P la te  13)
COMMENTS:
T h is  s i te  re c e iv e d  no lime a t rec lam ation  an d  se e d  w as ap p lied  
b y  h y d ro s e e d in g ;  s e e d  is  s p ra y e d  on th e  s u r fa c e  w ith  a m ulch in a 
th ix o tro p ic  gel w ith  no p h y s ic a l in c o rp o ra tio n  in to  th e  spo il.
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M s « r t i § 9 l
g M p i
BANK
PLATE 14 - BANK - Damage to soil layer and vegetation cover due to 
pyrite oxidation in underlying spoil.
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T h e re  a re  a lo t of coal, sh a le  an d  ro c k  fra g m e n ts  in  th e  spo il 
g iv in g  good d ra in a g e  p ro p e r t ie s  a n d  an  open  s t r u c tu r e  fo r  ro o t p e n e ­
tr a t io n  (maximum d e p th  40 cm) .  H ow ever, d e sp ite  a h ig h  s e e d in g  r a te  
a n d  low s to c k in g  r a te  g ro u n d  c o v e r  is  p o o r, p o ss ib ly  due to  th e  s to n e y , 
c o a rse  s u r fa c e  an d  low s u rv iv a l r a te  of g e rm in a te d  seed  due to  th e  
se e d in g  m ethod  u s e d . T h e re  a re  some b a re  p a tc h e s  due  to lo c a lised  
ac id  g e n e ra tio n , pH v a lu es  as low as  pH 3 .3  b e in g  fo u n d , w ith  a d ja c e n t 
v e g e ta te d  a re a s  h a v in g  pH 4. 0 -4 . 6. T h e re  is  p oo r c lo v er g ro w th  on 
m uch of th e  s ite  d u e  to  spo il a c id ity .  B a re  s lo p es  h av e  no p ro te c tio n  
from  r u n - o f f  a n d  e ro s io n  g u llies  h a v e  d ev e lo p ed .
A sm all p a r t  of th is  s ite  r e c e iv e d  a 5 cm co v e r of s i l t  loam soil 
w ith  th e  same se e d  m ix tu re , ap p lic a tio n  m ethod, se e d in g  a n d  f e r t i l iz e r  
t r e a tm e n ts  as th e  u n so ile d  a re a .
PROFILE:
MOISTURE
DEPTH
(cm)
MATERIAL ROOTS pH CONTENT(%)
0-5 SOIL VERY ABUNDANT 4.7 22.0
5-18 COAL WASTE ABUNDANT 3.6 29.0
18-31 ii ii FEW 4.2 10.4
31+ ii it NONE 4.7 10,0
U SE: C a ttle  g ra z in g
COVER ASSESSM ENT: 3
COMMENTS:
A t rec lam atio n  th e  pH of th e  soil w as 7 .4  a n d  no  lime w as 
a p p lie d . H ow ever th e  acid ic  spo il h a s  c a u se d  a fall in  th e  pH of th e  
soil la y e r .  A s on th e  u n so ile d  a re a  c lo v e r g ro w th  is  p o o r a n d  th e  
g r a s s  co v e r h a s  b een  k illed  in  m any p a r t s  due to  th e  ac id  c o n d itio n s  
(P la te  14) . T h e  m o is tu re  c o n te n t of th e  u p p e r  la y e rs  is  h ig h e r  th a n  
on th e  u n so ile d  a re a  r e s u l t in g  g e n e ra lly  in  b e t te r  p la n t s u rv iv a l  a n d  
g ro u n d  c o v e r .
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SITE NAME
LOCATION
DATE OF COMPLETION
SOIL COVER
SOIL TYPE
FERTILIZER TREATMENT
LIMING RATE
SEEDING RATE
SEED MIXTURE
A n n an d a le
Kilmarnock, S tra th c ly d e
May 1974
NONE
380 k g / h a  of 25 :10 :10  com pound  fe r ti l iz e r  
510 kg / h a  s u p e rs la g  (0 : 1 6 : 0 )
NONE
90 k g / h a
S p ec ie s
B row n to p  ( A g ro s t is  s to lo n ife ra )
P e re n n ia l r y e g r a s s  (Lolium p e r e n n e )
R ed  fe sc u e  ( F e s tu c a  r u b r a )
R o u g h -s ta lk e d  meadow g ra s s  (Poa t r iv ia l is ) 
R ed  c lo v e r ( T rifo lium  p r a te n s e )
% b y  w e ig h t
30
25
20
17
8
SPECIES PRESEN T 1979/80
P e re n n ia l r y e g r a s s  ( Lolium p e r e n n e ) 
R o u g h -s ta lk e d  meadow g ra s s  ( Poa t r iv ia l is ) 
T im othy  ( Phleum  p ra te n s e )
Common b e n t  ( A g ro s tis  te n u is )
Y o rk sh ire  fog ( H olcus la n a tu s )
White c lo v e r  ( T rifo lium  re p e n s )
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PRO FILE:
MOISTURE
DEPTH MATERIAL ROOTS pH CONTENT
(cm) (%)
0-12 COAL WASTE COMMON 5 .4  15 .9
12-25 " " FEW 6 .9  12.5
25+ " " NONE 7 .0  11.1
U SE : G ra s s la n d
COVER A SSESSM EN T: 3
COMMENTS:
V eg e ta tio n  c o v e r  is  s p a rs e  w ith  m oss c o v e rin g  m uch of th e  
s u r fa c e  w h ere  g r a s s  a n d  c lo v e r a re  a b se n t, in d ic a tin g  m oist su rfa c e  
co n d itio n s  o v e r  p ro lo n g e d  p e r io d s . T he  m ateria l o v e r  th e  e n t ire  s ite  
is  f in e  w a sh in g s  o r  ta il in g s  w ith  few s to n e s  o r  coal f ra g m e n ts .  T he 
g r a s s  co v e r on th e  s o u th  fac in g  slope  an d  on top  of th e  main m ound of 
th e  s ite  d id  n o t s u r v iv e  th e  f i r s t  su m m e r. T he  b a re  p a tc h e s  w ere 
re - s e e d e d  in  S e p te m b e r  of th a t  y e a r  b u t  th e  v e g e ta tio n  s u b se q u e n tly  
d ie d . Sam ples of th e  coal w aste  ta k e n  from  th e  b a re  p a tc h e s  in  1979/ 80 
h a d  pH v a lu e s  in  th e  ra n g e  2 . 4 - 2 . 7  in d ic a tin g  ac id  g e n e ra tio n  in  th e  
sp o il. A t th a t  tim e th e  s ite  h ad  re c e iv e d  no lime o r fe r t i l iz e r  tre a tm e n t 
s in c e  1974, h e n c e  th e  fa ilu re  of r e - s e e d e d  a r e a s .
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SIT E  NAME 
LOCATION
DATE OF COMPLETION 
SOIL COVER 
SOIL TYPE
FER TILIZER  TREATMENT
D um b reck
Queen z iebu rn , S tra th c ly d e
1974
NONE
380 k g / h a  SAI law n food N o . 4 ( 9 . 5 : 9 . 5 : 1 3 . 2 )
LIMING RATE : NONE
SEEDING RATE : 90 k g / h a
SEED MIXTURE :
S pecies % b y  w eig h t
P e re n n ia l r y e g r a s s  ( Lolium p e r e n n e ) 20
R ed  fe sc u e  ( F e s tu c a  r u b r a ) 15
Common b e n t (A g ro s tis  te n u is ) 10
C re s te d  d o g s '- ta i l  ( C y n o s u ru s  c r i s t a tu s ) 10
R o u g h -s ta lk e d  meadow g ra s s  ( Poa t r iv ia l i s ) 10
S m o o th -s ta lk e d  meadow g ra s s  (Poa p r a te n s i s ) 10
Meadow fe sc u e  (F e s tu c a  p r a te n s i s ) 5
C o ck sfo o t (D ac ty lis  g lo m era ta ) 5
W hite c lo v e r ( T rifo lium  r e p e n s ) 10
B ird s fo o t tre fo il  (L o tu s  c o rn ic u la tu s )  5
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SPECIES PRESENT 1979 /80
P e re n n ia l r y e g r a s s  ( Lolium p e r e n n e )
Common b e n t  (A g ro s tis  te n u is )
C re s te d  d o g s '- ta i l  ( C y n o su ru s  c r i s t a tu s )
S m o o th -s ta lk e d  meadow g ra s s  ( Poa p r a te n s i s )
W hite c lo v e r ( T rifo lium  r e p e n s )
PR O FIL E :
MOISTURE
DEPTH
(cm )
MATERIAL ROOTS pH CONTENT
(%)
0-1 PLANT LITTER
1-10 COAL WASTE COMMON 6.4 9 .7
10-19 ii m FEW 6.2 7.0
19+ ii ii NONE 6.2 7 .1
U SE : S h eep  g ra z in g
COVER ASSESSM ENT: 3 (P la te  15)
COMMENTS:
T h e  q u a lity  of th e  v e g e ta tio n  (g r a s s  an d  c lover) is  p o o r an d  
in  m any p a r t s  m osses an d  lich en s  h av e  ta k e n  o v e r from th e  g r a s s e s .
T h e  v e g e ta tio n  mat is  n o t well a n c h o re d  in  th e  spoil as th e  ro o ts  a re  
r e s t r i c t e d  m ainly to  th e  s u r fa c e  la y e r s .  T h is  may be due  to  th e  
com bination  of th e  seed in g  m ethod (h y d ro s e e d in g )  w hich  le av es  th e  seed  
on th e  s u r fa c e  a t  sow ing an d  th e  com pacted, s to n e y  n a tu re  of th e  sp o il. 
D ue to  th e  la ck  of deep  ro o tin g  th e  v e g e ta tio n  s u f fe rs  from a s h o r ta g e
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of w a te r  d u r in g  d ry  w e a th e r , w hile h eav y  ra in  le a d s  to s a tu ra t io n  of th e  
s u r fa c e  l i t t e r  an d  m ass co v er, w h ich  h a s  r e s u l te d  in  e ro s io n  g u llie s  on 
some s lo p e s .
T h e re  is  a g e n e ra l n u t r i e n t  d efic ien cy  on th is  s ite ,  p a r t ic u la r ly  
of n itro g e n , show n b y  th e  yellow  co lour of th e  g r a s s .
P a r t  of th e  s ite  r e c e iv e d  a 12-16 cm co v er of loam so il w ith  
lim ing r a te ,  f e r t i l iz e r  tr e a tm e n t an d  se ed in g  r a te  th e  sam e as  th e  u n so ile d  
p a r t .  T he se e d  m ix tu re  u s e d  was e s se n tia lly  th e  same as  th e  main p a r t  
of th e  s ite , w ith  a h ig h e r  p ro p o r tio n  of fe sc u e s  a n d  b e n t  g r a s s e s  a n d  a 
re d u c tio n  in  th e  p ro p o r tio n  of r y e g r a s s  an d  meadow g r a s s e s .
SPECIES PRESENT 1979 /80
R ed  fe sc u e  (F e s tu c a  r u b r a )
Common b e n t  (A g ro s tis  te n u is )
S m o o th -s ta lk e d  meadow g ra s s  ( Poa p r a te n s i s )
C o ck sfo o t ( D ac ty lis  g lo m e ra ta )
T im othy  ( Phleum  p r a te n s e )
Y o rk sh ire  fog ( H olcus la n a tu s )
S w eet v e rn a l  ( A n th o x an th u m  o d o ra tu m )
W hite c lo v e r ( T rifo lium  r e p e n s )
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PLATE 15 - DUMBRECK - Surface (no soil).
■ • *
PLATE 16 - DUMBRECK - Profile showing accumulation of plant litter.
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PRO FILE:
DEPTH
(cm )
MATERIAL ROOTS PH
MOISTURE
CONTENT
(%)
0-2 PLANT LITTER
2-8 SOIL ABUNDANT 5.4 21.0
8-15 u COMMON 5.2 13.3
15-20 COAL WASTE FEW 6.4 9 .8
20+ n ii NONE 6 .4 9 .3
U SE: N one
COVER ASSESSM ENT: 5
COMMENTS:
T h is  p a r t  of th e  s ite  h as  b e e n  fe n c e d  o ff to  p r e v e n t  sh eep  
g ra z in g  a n d  some t r e e s  h av e  b e e n  p la n te d .  L ack  of g ra z in g  o r c u t tin g  
h a s  r e s u l te d  in  g r a s s  60-80 cm ta ll a n d  an  accum ula tion  of 2-4 cm of 
p la n t l i t t e r  on th e  su rfa c e  (P la te  16) . T h e  so il u s e d  is  a w e ll - s t ru c tu r e d  
loam a n d  ea rth w o rm s a re  common in  th e  soil la y e r .  T he  well e s ta b lish e d  
v e g e ta tio n  c o v e r  is  deep  ro o te d  (maximum d e p th  28 cm) an d  show s no  il l— 
e ffe c t d u r in g  d r y  w e a th e r . T h e re  is  l i t t le  ch an ce  th a t  th is  p a r t  of th e  
s ite  will s u f f e r  re g re s s io n  d u e  to  n u tr i t io n a l  o r  p h y s ic a l f a c to rs .
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SITE NAME N orth  Lodge
LOCATION M otherw ell, S tra th c ly d e
DATE OF COMPLETION 1977
SOIL COVER NONE
SOIL TYPE
FER TIL IZER  TREATMENT 450 k g / h a  of 20 :10 :10  com pound fe r t i l iz e r
LIMING RATE 10 to n n e s  /h a
SEEDING RATE 60 k g  /h a
SEED MIXTURE
S p ec ies
P e re n n ia l r y e g r a s s  (Lolium p e r e n n e ) 
R ed  fe sc u e  ( F e s tu c a  r u b r a )
Common b e n t  (A g ro s tis  te n u is ) 
T im o thy  ( Phleum  p r a te n s e )
% b y  w e ig h t
43
37
10
10
SPECIES PRESENT 1979/80
P e re n n ia l r y e g r a s s  ( Lolium p e r e n n e ) 
R ed  fe sc u e  (F e s tu c a  r u b r a )
T im othy  ( Phleum  p r a te n s e )
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PRO FILE:
DEPTH
(cm )
MATERIAL ROOTS PH
MOISTURE
CONTENT
(%)
0-2 PLANT L IT T E R
2-17 COAL WASTE VERY ABUNDANT 7.5 8 .4
17-38 ti ii COMMON 7 .7 7.6
38+ ii it NONE 8 .2 7 .4
U SE : C a ttle  g ra z in g
COVER A SSESSM ENT: 4 (P la te  17)
COMMENTS:
T he g ra s s  on th is  s ite  is  w ell e s ta b lish e d  d e s p ite  th e  a b se n c e  
of legum es in  th e  se e d  m ix tu re . T h e re  is  a w e ll-d e v e lo p ed  ro o t sy s tem , 
th e  maximum ro o tin g  d e p th  b e in g  43 cm, an d  th e r e  is  no e v id en ce  of 
ac id  g e n e ra tio n . T h e  s u r fa c e  is e x tre m e ly  h a rd  a n d  th e  u n d e r ly in g  
m ateria l is  v e ry  d if f ic u lt to  d ig  d u e  to  com paction . D ra inage , how ever, 
is  good an d  no  w a te r  lies  on th e  s u r fa c e  a f te r  h e a v y  r a in .  D u rin g  
e x te n d e d  d ry  p e r io d s  th e  v e g e ta tio n  co v er h a s  a p o o r a p p e a ra n c e  d u e  to  
s h o r ta g e  of w a te r .
A small a re a  of th is  s i te  re c e iv e d  a d if fe re n t  se e d  m ix tu re  an d  
was u se d  fo r t r e e  p la n t in g .  S eed in g  r a te ,  lime a n d  fe r t i l iz e r  tre a tm e n ts  
w e re  th e  same a s  th e  main p a r t  of th e  s ite .
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PLATE 17
m i
- NORTH LODGE - Surface.
PLATE 18 - NORTH LODGE - General view showing vigorous clover growth.
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S eed  m ix tu re  in  t r e e  p la n tin g  a re a
S p ec ies % b y  w eigh t
R ed  fe sc u e  (F e s tu c a  ru b ra ) 65
Common b e n t  ( A g ro s tis  te n u is )
S m o o th -s ta lk e d  meadow g ra s s  ( Poa p r a te n s i s )
8
7
C o ck sfo o t ( D ac ty lis  g lo m era ta ) 
W hite c lo v e r  ( T rifolium  r e p e n s ) 
R ed  c lo v e r  (T rifo lium  p ra te n s e )
7
8
5
COVER A SSESSM EN T; 3
O ne seaso n  a f te r  seed ing , d u r in g  w hich  g ra s s  h e ig h t was c u t 
to  7 .5  cm as  r e q u i r e d ,  th e  following t r e e  sp e c ie s  w ere  p la n te d  1.5 m. 
a p a r t  in  ro w s, w ith  1 .5  m. be tw een  ro w s.
N orw ay  m aple ( A cer p la ta n o id e s )
A ld e r  ( A ln u s g lu tin o sa )
Willow ( S alix  c a p re a )
B irc h  (B e tu la  p e n d u la )
All t r e e s  w ere  60-90 cm ta ll w ith  an  e s ta b lis h e d  ro o t system  a t 
p la n tin g . E ach  t r e e  re c e iv e d  60g of a com pound g ra n u la r  fe r ti l iz e r  
l ig h tly  w o rk ed  in  a t  p la n tin g  an d  a f u r th e r  two a p p lica tio n s  in  th e  f i r s t  
y e a r .  T h e  g r a s s  in  th is  a re a  b e n e f i ts  from th e  in c lu s io n  of c lover w h ich  
is  g ro w in g  v ig o ro u s ly  (P late  18) a lth o u g h  g ro u n d  c o v e r is  p o o re r  th a n  on 
th e  main p a r t  o f th e  s ite .
SITE NAME Stane
LOCATION
DATE OF COMPLETION
S h o tts , S tra th c ly d e
1976
SOIL COVER
SOIL TYPE
FER TILIZER  TREATMENT
LIMING RATE
SEEDING RATE
SEED MIXTURE
6 - 1 2  cm 
S an d y  loam
500 k g / h a  of 12 :24 :12  com pound fe rtiliz e  
250 kg  /h a  of tr ip le  s u p e rp h o s p h a te
2. 5 to n n e s  / ha
67 kg  / ha
S p ec ies
P e re n n ia l r y e g r a s s  (Lolium p e re n n e )  
C o ck sfo o t (D a c ty lis  g lo m era ta ) 
T im othy  ( Phleum  p r a te n s e )
R ed  fe sc u e  (F e s tu c a  r u b r a )
W hite c lo v e r  (T rifo lium  r e p e n s )
R ed  c lo v e r ( T rifolium  p ra te n s e )
% b y  w eig h t
45
20
10
10
10
5
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SPECIES PRESENT 1979 /80
P e re n n ia l r y e g r a s s  ( Lolium p e r e n n e )
T im othy  ( Phleum  p r a te n s e )
Common b e n t (A g ro s tis  t e n u is )
S m o o th -s ta lk ed  meadow g ra s s  ( Poa p r a te n s i s )
Y o rk sh ire  fog ( H olcus la n a tu s )
W hite c lo v er ( T rifo lium  r e p e n s )
R ed  c lo v e r ( T rifo lium  p r a te n s e )
PR O FIL E :
MOISTURE
DEPTH
(cm )
MATERIAL ROOTS pH CONTENT
(%)
0-3 SOIL VERY ABUNDANT 7.0 18.1
3-10 ii ABUNDANT 6.8 25.2
10-19 COAL WASTE ii 7 .3 9 .6
19-30 ii ii FEW 6.6 7 .7
30+ it ii NONE 6 .6 7 .0
U SE : C a ttle  g raz in g
COVER ASSESSMENT: 4
COMMENTS:
T he w e ll - s t ru c tu re d  s a n d y  loam soil s u p p o r ts  good g r a s s  a n d  
c lo v e r g ro w th . T he loose, f r ia b le  u n d e r ly in g  spo il is  n o t a p h y s ic a l 
b a r r i e r  to  ro o t p e n e tra tio n  a n d  ro o ts  a re  fo u n d  a t 34 cm, in d ic a tin g  a 
w e ll-e s ta b lish e d  v e g e ta tio n  c o v e r w hich  is  u n lik e ly  to  s u f f e r  re g re s s io n
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in  d ry  w e a th e r a n d  d eep  ro o tin g  will minimise soil e ro s io n . T h e  pH of 
th e  spo il s u g g e s ts  th a t  th e r e  a re  no  p rob lem s of ac id  g e n e ra tio n .
D ue to  la c k  of av a ilab le  soil, p a r t  of th is  s i te  w as rec la im ed  
w ith o u t a soil c o v e r . Lime was a d d e d  a t 5 to n n e s /h a  a n d  se e d  a t  100 
kg  /h a  u s in g  th e  sam e s e e d  m ix tu re  an d  fe r ti l iz e r  t r e a tm e n t .
PR O FIL E:
MOISTURE
DEPTH
(cm)
MATERIAL ROOTS pH CONTENT
(%)
0-4 COAL WASTE ABUNDANT 7 .3 9.0
4-20 tt ii COMMON 7 .4 8 .7
20-32 ii ii FEW 7 .1 9.6
32+ ii ti NONE 7 .1 7.9
U SE: C a ttle  g ra z in g
COVER ASSESSM ENT: 3
COMMENTS:
S urface  c o v e r is  n o t as  good as on th e  so iled  a re a  a lth o u g h  ro o t 
p e n e tra t io n  is s a t is f a c to ry  (20 cm ). T h e  low er w a te rh o ld in g  cap a c ity  of 
th e  coal w aste, co m p ared  to  th e  soil la y e r  on th e  main p a r t  o f th e  s ite , 
c a u se s  d ro u g h t s t r e s s  d u r in g  d ry  p e r io d s .  T h e re  a re  no  p ro b lem s of 
ac id ity  in  th e  sp o il.
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SITE NAME :
LOCATION :
DATE OF COMPLETION :
SOIL COVER :
SOIL TYPE :
FER TILIZER  TREATMENT :
LIMING RATE 
SEEDING RATE 
SEED MIXTURE
C astleh ill
C arlu k e , S tr a th c ly d e  
1976
8 - 1 0  cm 
C lay loam
350 kg  /h a  SAI t u r f  food T .F .4  g ra n u la r  
f e r t i l iz e r  ( 9 .5 :9 .5 :1 3 .2 )
NONE
65 kg  /h a
S p ec ie s  % b y  w eig h t
P e re n n ia l r y e g r a s s  (Lolium p e r e n n e ) 31
R ed  fe sc u e  ( F e s tu c a  r u b r a ) 22
Common b e n t  (A g ro s tis  te n u is ) 20
T im othy  ( Phleum  p r a te n s e ) 12
R ed  c lo v e r ( T rifo lium  p r a te n s e ) 9
W hite c lo v e r (T rifo lium  re p e n s )  6
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SPEC IES PRESENT 1979/80
P e re n n ia l r y e g r a s s  ( Lolium p e r e n n e )
R ed  fe sc u e  (F e s tu c a  r u b r a )
T im othy  ( Phleum  p r a te n s e )
C o ck sfo o t (D ac ty lis  g lom erata)
Y o rk s h ire  fog ( H olcus la n a tu s )
R ed  c lo v e r  ( T rifo lium  p r a te n s e )
W hite c lo v e r  ( T rifo lium  r e p e n s )
PR O FIL E :
MOISTURE
DEPTH 
( cm)
MATERIAL ROOTS pH CONTENT
(%)
0-10 SOIL ABUNDANT 6. 5 16.8
10-20 COAL WASTE COMMON 8.3 5 .0
20-26 1! II FEW 8.4 4 .8
26+ II It NONE 8 .4 5 .1
U SE : G ra s s la n d
COVER A SSESSM ENT: 3
COMMENTS:
T h e  h e a v y  te x tu r e  of th e  soil u s e d  on th is  s ite  cau ses  p rob lem s 
d u r in g  p e r io d s  of h eav y  ra in fa ll an d  o v e r  th e  w in te r . T he  h ig h  w a te r-  
h o ld in g  c a p a c ity , to g e th e r  w ith  th e  la c k  of s lo p e  on p a r t s  of th e  s ite , 
le ad  to  w a te r lo g g in g  and  b a re  p a tc h e s  (P la te  19). G row th  on s lopes is 
b e t t e r  d u e  to  im p ro v ed  d ra in a g e , w ith  a t ig h te r  v eg e ta tio n  mat (P la te  20) 
a n d  good g ro u n d  c o v e r . C lover g ro w th  is  v e ry  good an d  th e re  a re  no
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PLATE 20 - CASTLEHILL - Profile.
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p ro b lem s of ac id  g e n e ra tio n .
P a r t  of th is  s ite  r e c e iv e d  no soil co v e r a n d  w as u s e d  fo r t r e e  
p la n t in g .  S eed in g  r a te  a n d  f e r t i l iz e r  tre a tm e n t w ere  th e  same as fo r  th e  
so lid  a re a .
SEED M IXTURE:
S pecies  % b y  w e ig h t
R ed  fe sc u e  (F e s tu c a  r u b r a ) 31
F in e - le a v e d  s h e e p 's  fe sc u e  (F e s tu c a  te n u ifo lia ) 31
Common b e n t  ( A g ro s tis  te n u is ) 9
W hite c lo v e r ( T rifo lium  r e p e n s ) 21
R ed  c lo v e r (T rifo lium  p ra te n s e )  8
16 t r e e  sp ec ie s  w ere  p la n te d  in  th e  same seaso n  as th e  g ra s s  was 
sow n . All t r e e s  w ere 20-45 cm ta ll w ith  an  e s ta b lis h e d  ro o t sy s te m . lOg 
of 2 0 :1 0 :5  s lo w -re lea se  com pound fe r t i l iz e r  w as p la ced  in  th e  p la n tin g  ho ld  
a n d  45g of 18 :6 :12  fe r t i l iz e r  p lu s  1 kg  of p u lv e r is e d  b a rk  was p la ced  a ro u n d  
th e  t r e e  b a s e .
PR O FIL E :
MOISTURE
DEPTH
(cm )
MATERIAL ROOTS pH CONTENT
(%)
0-1 PLANT LITTER
1-20 COAL WASTE COMMON 7.2 9 .7
20-25 ii it FEW 7.0 5 .8
25+ ii ii NONE 7 .1 5 .1
U SE: T re e  p la n tin g  as a s c re e n  fo r  th e  main p a r t  of th e  s ite
COVER ASSESSMENT: 3 (P la te  21)
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COMMENTS:
T h e  coal w as te  w as ex trem ely  h a rd  an d  d if f ic u lt to  d ig  below  
25 cm a lth o u g h  ro o ts  w ere  fo u n d  to  th is  d e p th .  T h e re  is  an  accum ul­
a tio n  of p la n t l i t t e r  on th e  s u r fa c e  an d  c lo v e r g ro w th  is  good. T h e re  
a re  no  p ro b lem s of ac id  g e n e ra tio n  and  th e  v e g e ta tio n  co v e r is com parab le  
to  th a t  on th e  so iled  p a r t .  L ocalized a d d itio n  of f e r t i l iz e r  a ro u n d  th e  
t r e e  b a s e s  a n d  th e  in c lu s io n  of s u c h  a h ig h  p e rc e n ta g e  of legum es in  
th e  se e d  m ix tu re  no  d o u b t c o n tr ib u te  to  th e  s u c c e s s  of th is  a re a  of th e  
s i te .
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PLATE 22 - JENNY GRAY - General view.
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SITE NAME Devon
LOCATION
DATE OF COMPLETION
SOIL COVER
SOIL TYPE
FERTILIZER TREATMENT
LIMING RATE
SEEDING RATE
SEED MIXTURE
F ish c ro s s , C e n tra l
1976
5 -  10 cm
Loam
375 k g / h a  SAI p la n t  food No. 4 
( 9 .5 :9 .5 :1 3 .2 )
5 to n n e s  / h a
110 k g  /h a
S p ec ies
P e re n n ia l r y e g r a s s  (Lolium  p e r e n n e ) 
C ocksfoo t ( D ac ty lis  g lo m era ta ) 
T im othy  ( Phleum  p r a te n s e )
R ed  c lo v e r ( T rifo lium  p ra te n s e )  
W hite c lo v e r (T rifo lium  r e p e n s )
% b y  w e ig h t
45
25
15
10
5
SPECIES PRESENT 1979/80
P e re n n ia l r y e g r a s s  (Lolium p e r e n n e ) 
T im othy ( Phleum  p r a te n s e )
Common b e n t  (A g ro s tis  t e n u is ) 
Y o rk sh ire  fog ( H olcus l a n a tu s )
R ed  c lo v e r ( T rifolium  p r a te n s e ) 
W hite c lo v e r ( T rifo lium  re p e n s )
2 6 6
U SE : G ra ss la n d
COVER ASSESSM ENT: 4
COMMENTS:
T h e  g ra s s  a n d  c lo v e r g ro w th  on th is  s ite  is  v e r y  good, b o th  
legum e sp e c ie s  s u rv iv in g  w ith  w e ll-d ev e lo p ed  ro o t n o d u le s . T h e  w ell- 
s t r u c tu r e d  loam soil is  f re e ly  d ra in e d  an d  s u p p o r ts  good ro o t g ro w th .
T h e  s ite  as a w hole h a s  s u f f ic ie n t  slope to  p r e v e n t  w a te r lo g g in g  a lth o u g h  
th e r e  a re  s e v e re  e ro s io n  g u llie s  in  th e  soil la y e r  on th e  low er s lo p es  
s u g g e s t in g  th a t  th e  spo il is  im perm eab le , f u r th e r  e v id e n c e  of th is  b e in g  
show n b y  th e  la te ra l  g ro w th  of ro o ts  a t  th e  soil / spo il in t e r f a c e .
SITE NAME Jen n y  G ray
LOCATION
DATE OF COMPLETION
SOIL COVER
SOIL TYPE
FERTILIZER TREATMENT
LIMING RATE
SEEDING RATE
SEED MIXTURE
N ew farm , L o ch g e lly , F ife  
1965
11 -  15 cm 
C lay  loam
1.3  to n n e s /h a  SAI p la n t food No. 3, 
su p p ly in g  100 u n its  N, 250 U n its  ^ 2^ 5’ 
150 u n its  P e r  h e c ta r e .  B asic s lag
to  su p p ly  500 u n i ts  ^ 2^5  P e r  h e c ta re .
5 to n n e s / h a
49 k g / h a
S p ec ies
Meadow fe s c u e  ( F e s tu c a  p r a te n s i s ) 
T im othy  ( Phleum  p r a te n s e )
C ocksfoo t ( D ac ty lis  g lo m era ta )
P erenn ia l ry e g ra s s  (Lolium p e re n n e )
C re s te d  d o g s '- ta il  ( C y n osu rus c r is ta tu s )
A lsike c lover (Trifolium  hybridum )
% b y  w eigh t
37
19
19
11
2
12
SPECIES PRESENT 1979/80
Meadow fe sc u e  ( F e s tu c a  p r a te n s i s ) 
T im othy  ( Phleum  p r a te n s e )
C o ck sfo o t ( D ac ty lis  g lo m era ta ) 
P e re n n ia l r y e g r a s s  (Lolium p e re n n e ) 
Y o rk sh ire  fog (H olcus la n a tu s )
PRO FILE:
DEPTH
(cm)
MATERIAL ROOTS pH
MOISTURE
CONTENT
(%)
0-3 SOIL VERY ABUNDANT 6 .1  14 .7
3-11 " ABUNDANT 5 .8  9.7
11-15 COAL WASTE " 6 .1  8 .3
15-25 « " FEW 6 .1  9 .9
25+ " " NONE 6 .4  8 .9
U SE : C a ttle  g ra z in g
COVER ASSESSM ENT: 5
COMMENTS:
T h e  pH of th e  coal w aste  is  n o t a p rob lem  an d  th e re  is  li t t le  
lik lih o o d  of ac id  g e n e ra tio n . S u rface  co v er an d  d ra in a g e  a re  good 
(P la te  22) an d  th e r e  is  l i t t le  dam age b y  s to ck , e x c e p t a t g a te s  an d  
t r o u g h s .  D e sp ite  th e  fa c t th a t  th e  coal w aste  is  com pacted  an d  
d if f ic u lt to  d ig , ro o ts  a re  fo u n d  to  a d e p th  of 25 cm +, an  in d ica tio n
t h a t  th e  v e g e ta tio n  is  w e ll-e s ta b lish e d . E v en  d u r in g  d ry  w e a th e r  th e  
c o v e r  show s a h e a lth y  sw ard , b e in g  s u s ta in e d  b y  th e  s tro n g  ro o ts  
w h ich  f re e ly  c ro s s  th e  soil / spo il in te r fa c e , an  in d ica tio n  th a t  th e  u n d e r ­
ly in g  spo il is  f re e  from p y r it ic ,  ac id  g e n e ra tio n .
SITE NAME Lochore Meadows, P hase  II
LOCATION
DATE OF COMPLETION
In c h g a ll farm , L och g e lly , F ife
1970
SOIL COVER
SOIL TYPE
FERTILIZER TREATMENT
LIMING RATE
SEEDING RATE
SEED MIXTURE
5 -  19 cm 
S an d y  clay  loam
1.3  to n n e s /h a  SAI p la n t  food No. 3, 
s u p p ly in g  100 u n its  N, 250 u n i ts  ^ 2 ^ 5 ’ 
150 u n its  K^O p e r  h e c ta r e .  B asic  s lag  
to  su p p ly  500 u n its  ^ 2 ^ 5  P e r  h e c ta re .
5 to n n e s /h a
49 k g / h a
S pecies
Meadow fe sc u e  (F e s tu c a  p r a te n s is )  
T im othy  ( Phleum  p r a t e n s e )
C ocksfoo t ( D ac ty lis  g lo m era ta )
P erenn ia l ry e g ra s s  (Lolium p e re n n e )
C re s te d  d o g s '- ta il  ( C y n o su ru s  c r is ta tu s )
A lsike c lover ( Trifolium  hybridum )
% b y  w e ig h t
37
19
19
11
2
12
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PLATE 23 - LOCHORE MEADOWS PHASE II - Kale growth at 34 weeks.
PLATE 24 - LOCHORE MEADOWS PHASE II - Strip-grazing of kale at 13 weeks
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SPECIES PRESENT 1979/80
Meadow fe sc u e  ( F e s tu c a  p r a te n s i s )
T im othy  (Phleum  p r a te n s e )
C o ck sfo o t ( D ac ty lis  g lo m era ta)
P e re n n ia l r y e g r a s s  (Lolium p e re n n e )
W hite c lo v e r ( T rifo lium  r e p e n s )
PR O FIL E :
MOISTURE
DEPTH
(cm)
MATERIAL ROOTS pH CONTENT
(%)
0-2 SOIL VERY ABUNDANT 6.2 26.0
2-11 1! ABUNDANT 6.0 11.5
11-13 II FEW 5.6 8.5
13-15 COAL WASTE it 6.4 6. 5
15+ ii ii NONE 6.4 6.9
U SE: C a ttle  g ra z in g
COVER ASSESSM ENT: 5
COMMENTS:
T h e  d e p th  of soil cover on th is  s i te  v a r ie s  co n s id e ra b ly  b u t  
o v e ra ll th e  v e g e ta tio n  co v er is v e ry  good . T h e re  is  some poach in g  la te  
in  th e  sea so n  w hen  th e  so il la y e r  is  w et d u e  to  com paction of th e  spoil, 
th is  a lso  le ad in g  to  e ro s io n  of th e  soil la y e r  on slopes, form ing ch an n e ls  
in  th e  sp o il.
PLATE 25 - LOCHORE MEADOWS PHASE II - Soil layer damage due to strip- 
grazing of kale.
*  \  * c f *
PLATE 26 - LOCHORE MEADOWS PHASE II - Re-seeded area the season 
following kale grazing.
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Of p a r t ic u la r  n o te  on th is  s ite  is  th e  g row ing  of k a le  in  an  
a re a  w ith  on ly  3-5 cm o f soil c o v e r . T he  g ra s s  c o v e r w as k ille d  u s in g  
a c o n ta c t h e rb ic id e  an d  th e  g ro u n d  was h a rro w ed , s e e d e d  b y  d ir e c t  
d r il lin g  an d  ro lle d . P la te  23 show s th e  kale  g row ing  a f te r  3£ w eeks an d  
P la te  24 show s 13 w eeks g row th , a t w hich s ta g e  i t  was s t r ip - g r a z e d .  
D am age of th e  s u r fa c e  la y e r  b y  g ra z in g  s to c k  was s e v e re  (P la te  25) b u t  
on ly  a f fe c te d  th e  soil c o v e r , w ith  no  m ixing of th e  soil a n d  sp o il. In  
th e  s p r in g  follow ing k a le  g ra z in g  th e  g ro u n d  was r e - s e e d e d  to  p a s tu r e .  
G ra s s  e s ta b lish m e n t w as good (P la te  26), th e re  b e in g  c o n s id e ra b le  
b e n e f i t  to  th e  a re a  from  th e  c a ttle  m an u re  an d  kale  r e s id u e s .  N u tr ie n ts  
from  th e s e  so u rc e s  te n d e d  to  be  re ta in e d  in  th e  soil la y e r  as  th e r e  w as 
l i t t le  le ach in g  d u e  to  com paction  of th e  sp o il.
SITE NAME Lochore Meadows, P h ase  IV
LOCATION
DATE OF COMPLETION
SOIL COVER
SOIL TYPE
FERTILIZER TREATMENT
LIMING RATE
SEEDING RATE
SEED MIXTURE
H ilton of B e a th  Farm , K elty , F ife  
1974
7 - 1 4  cm 
S an d y  clay  loam
1.3 to n n e s /h a  SAI p la n t  food N o. 3, 
su p p ly in g  100 u n i ts  N, 250 u n i ts  ^2^5* 
150 u n its  Per h e c ta r e .  Basic s lag
to  su p p ly  500 u n i ts  Per h e c ta re .
5 to n n e s /h a
49 k g  /h a
S p ec ies
Meadow fe sc u e  (F e s tu c a  p r a te n s i s ) 
T im othy  ( Phleum  p r a te n s e )
C ocksfoo t ( D ac ty lis  g lo m era ta )
P erenn ia l ry e g ra s s  (Lolium p e re n n e )
C re s te d  d o g s '- ta il (C y n o su ru s  c r is ta tu s )
A lsike c lover ( Trifolium  hybridum )
% b y  w e ig h t
37
19
19
11
2
12
SPECIES PRESENT 1979 /80
Meadow fe sc u e  ( F e s tu c a  p r a te n s i s ) 
T im othy  ( Phleum  p r a te n s e )
C ock sfo o t ( D a c ty lis  g lo m era ta ) 
P e re n n ia l r y e g r a s s  (Lolium p e r e n n e ) 
Common b e n t  ( A g ro s tis  te n u is )
R ed  c lo v e r ( T rifo lium  p r a te n s e ) 
W hite c lo v e r  ( T rifo lium  re p e n s )
PROFILE
DEPTH
(cm)
MATERIAL ROOTS PH
MOISTURE
CONTENT
(%)
0-5 SOIL VERY ABUNDANT 6 .2 21.6
5-8 it ABUNDANT 6.6 21.0
8-17 COAL WASTE COMMON 6.2 15.9
17-26 ii ii FEW 6.3 11.6
26+ ii ii NONE 6.2 9 .0
U SE : C a ttle  a n d  sh e e p  g raz in g , some g r a s s  c u t fo r  h ay
COVER ASSESSM ENT: 5
COMMENTS:
A s th e  above  p ro file  d e sc r ip tio n  sh o w s, th e re  is  no problem  
of ac id  g e n e ra tio n  on th is  s ite  an d  to g e th e r  w ith  th e  loose, a s h - ty p e  
w aste  fo u n d  o v e r  m ost of th is  s ite , deep  ro o tin g  is  en co u ra g ed  
(maximum ro o tin g  d e p th  26 cm).  T he g ro w th  of g ra s s  an d  n a tu ra l ly
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PLATE 27 - LOCHORE MEADOWS PHASE IV - Damage to soil layer caused by 
poaching.
PLATE 28 - LOCHORE MEADOWS PHASE IV - Area in Plate 27 after re-seeding.
in v a d in g  r e d  c lo v er  ( Trifo lium  p r a t e n s e ) a n d  w hite  c lover  ( T rifo lium  
r e p e n s ) is  good a n d  th e  s i te  s u p p o r t s  a fa ir ly  h ig h  s to c k in g  r a t e .  
T h e r e  is  some poach in g  from s to c k  a n d  veh ic les  w hen th e  soil la y e r  is 
w et (P la te  27) b u t  ro ll ing  a n d  r e - s e e d in g  r e s to r e s  dam aged a r e a s  
(P la te  28). T h e  soil co v e r  is  a w e l l - s t ru c tu r e d ,  f r e e ly - d ra in in g  s a n d y  
c lay  loam o v e r  a loose spoil a n d  th e re fo r e ,  d e s p i te  th e  lack  of s lope 
o v e r  most of th e  site,, w a te r lo g g in g  is  n o t  a major p rob lem .
SITE NAME Lochore Meadows, P hase  VI
LOCATION
DATE OF COMPLETION
SOIL COVER
SOIL TYPE
FERTILIZER TREATMENT
LIMING RATE
SEEDING RATE
SEED MIXTURE
Hilton of B ea th  Farm, K elty ,  F ife 
1976
7 - 1 2  cm 
S andy  clay loam
1.3 t o n n e s / h a  SAI p la n t  food No. 3, 
su p p ly in g  100 u n i t s  N, 250 u n i t s  ^ 2 ^ 5 ’ 
150 u n i t s  1^2^ Per h e c ta r e .  B asic  s lag  
to  su p p ly  500 u n i t s  ^ 2 ^ 5  Per h e c ta r e .
5 t o n n e s / h a
49 kg  /h a
S p ec ies
Meadow fe sc u e  ( F e s tu c a  p r a t e n s i s ) 
T im othy ( Phleum  p r a t e n s e )
C ocksfoo t ( D ac ty l is  g lom era ta ).
P erenn ia l ry e g ra s s  (Lolium p e re n n e )
C rested  d o g s '- ta il  (C ynosurus c r is ta tu s )
Alsike clovre  ( Trifolium  hybridum )
% b y  w e ig h t
37
19
19
11
2
12
280
SPECIES PRESENT 1979/80
Meadow fe s c u e  ( F e s tu c a  p r a t e n s i s )
T im othy ( Phleum  p r a t e n s e )
P e re n n ia l  r y e g r a s s  (Lolium p e r e n n e )
C r e s te d  d o g s ' - t a i l  ( C y n o s u ru s  c r i s t a t u s )
Common b e n t  (A g ro s t is  t e n u is )
R ed  c lo v e r  ( Trifo lium  p ra te n se )
White c lo v e r  ( Trifolium re p e n s )
PR O FIL E :
MOISTURE
DEPTH
(cm)
MATERIAL ROOTS pH CONTENT
(%)
0-6 SOIL VERY ABUNDANT 7.5 17.8
6-11 1! ABUNDANT 6.8 14.8
11-20 COAL WASTE FEW 5.5 13.2
20+ it it NONE 5.4 9.6
U SE ; S heep  g ra z in g  
COVER ASSESSM ENT: 4
COMMENTS:
R ooting  on th is  s i te  is  n o t  as good as on P h a se  IV b e c a u se  
th e  coal w as te  h a s  a h e a v ie r  t e x tu r e  a n d  h as  b e e n  well com pacted  b e fo re  
soil s p r e a d in g .  B e in g  a more r e c e n t  schem e t h e r e  h a s  b een  le ss  time 
fo r  th e  v e g e ta t io n  to become e s ta b l is h e d .  T h e  v e g e ta t io n  cover,  how ever, 
is  good an d  t h e r e  is  a d e q u a te  d ra in a g e  d u e  to  th e  conform ation of th e
site , r e s u l t in g  in l i t t le  w a te r  im poundm en t a n d  no dam age b y  p o a c h in g .  
T h e  o r ig in a l  legum e spec ie s  h a v e  d ie d  o u t  a n d  h ave  b e e n  r e p la c e d  to a 
d e g r e e  b y  n a tu ra l  in v as io n  of r e d  c lo v e r  ( Trifolium p r a te n s e )  a n d  w h ite  
c lo v e r  ( Trifolium  r e p e n s ) .
R e fe re n c e s
A b b o t t ,  D. a n d  B acon , G .B .  (1 9 7 7 ) .  Reclamation of coal mine w a s te s  
in  New B ru n s w ic k .  C anad ian  I n s t i t u t e  of Mining a n d  M e ta l lu rg y .  
C .I .M .  B u lle t in ,  M ontrea l ,  70 (781) : 112-119.
A llaw ay, W.H. (1968). A gronom ic c o n t ro ls  o v e r  th e  e n v iro n m e n ta l
cycling  of t r a c e  e lem en ts .  A d v a n c e s  in  A gronom y, 29 : 235-274.
A llaw ay, W.H. a n d  C a re y ,  E .E ,  (1964).  D eterm ination  of su b m ic ro g ram  
am ounts  of selenium  in biological m ateria ls .  A n a ly t ica l  C h e m is t ry ,
36 : 1359-1362.
A llaw ay, W .H .,  C a r e y ,  E .E .  a n d E h l i g ,  C .F .  (1966). T h e  cy c l in g  of
low leve ls  of se len ium  in so i ls ,  p la n ts  an d  anim als. 1st In te rn a t io n a l  
Symposium on Selenium  in B iom edicine. In : O .H .  M uth , P .H .  Weswig
( E d i to r s ) .  A vi P u b l is h in g  Com pany.
A n d e r s o n ,  B . J . ,  J e n n e ,  E .A .  a n d  C hao , T . T .  (1973). T h e  s o rp t io n  of 
s i lv e r  b y  p oo rly  c ry s ta l l iz e d  m a nganese  o x id es .  Geochimica et 
Cosmochimica A c ta ,  37 : 611-622.
A ra m b a r r i ,  P .  a n d  T a l ib u d e e n ,  O . (1959). F a c to rs  in f lu e n c in g  th e
iso top ica lly  ex c h a n g e a b le  p h o s p h a te  in soils .  I .  T h e  e f fe c t  of low 
c o n c e n tra t io n s  of o rg an ic  a n io n s .  P lan t  an d  Soil, 11 : 343-354.
A rg u i le ,  R . T .  (1975). O p e n c a s t  coal m ining in  B r i ta in  -  th e  f i r s t  32 
y e a r s .  Colliery  G u a rd ia n ,  223(2) : 45-52.
A rn o ld ,  P.W. (1981). M anagem ent of soils forming from co llie ry  sp o il ,  
p h a se  I I I .  Commission of th e  E u ro p ea n  Com m unities , 2nd 
E nv ironm en ta l R e s e a rc h  P rogram m e 1976-1980, E n v i ro n m e n t  a n d  
Q uality  of Life.
283
B a rn h is e l ,  R . I .  a n d  M assey , H .F .  (1969).  C hem ical,  m ineralogical a n d  
p h y s ic a l  p r o p e r t i e s  of E a s te rn  K e n tu c k y  ac id - fo rm in g  coal spoil 
m a te r ia ls .  Soil S c ience ,  108 : 367-372.
B a r ro w ,  N .J .  (1 9 8 4 ) .  Modelling th e  e f fe c ts  of pH on p h o s p h a te  so rp t io n  
b y  so ils . J o u r n a l  of Soil S c ience ,  35 : 283-297.
B eaucham p, E . G . ,  McMillan, K. a n d  Hamilton, H .A .  (1976) .  E x t ra c ta b le  
p h o s p h o ru s  in  s u r fa c e  an d  s u b s u r f a c e  la y e r s  of S te .  Rosalie an d  
S t .  B laise soil s e r ie s  in Q uebec . C an ad ian  J o u rn a l  of Soil S c ience ,
56 : 345-356.
B e n z a ,  S .T .  a n d  L y o n ,  A .E .  (1975). T h e  u s e  of lime, lim estone and  
o th e r  c a rb o n a te  m inera ls  in  th e  new coal e r a .  2nd Symposium on 
Coal U til iza t ion : 280-291. N CA /BCR Coal C o n fe re n c e  a n d  Expo 11.
B e r g ,  W .A .,  B a r r a u , E .M . a n d  R h o d e s ,  L .A .  (1975).  P la n t  g row th  on 
ac id  m olybdenum  mill ta i l in g s  as  in f lu e n c e d  b y  lim ing , leach ing  a n d  
f e r t i l i ty  t r e a tm e n t s .  In :  M .J .  C hadw ick ,  G .T .  Goodman ( E d i to r s ) .
T he  Ecology of R e so u rc e  D e g ra d a t io n  a n d  R enew al.  Blackwell 
, Scien tific  P u b l ic a t io n s ,
B e r g ,  W.A. a n d  V ogel,  W.G. (1969). Aluminium a n d  m anganese  tox ic ity  
of p la n ts  g row n  on coal mine spo ils .  I n te rn a t io n a l  Symposium on 
Ecology a n d  R e v e g e ta t io n  of D ra s t ic a l ly  D is tu r b e d  L an d .
P e n n sy lv a n ia  S ta t e  U n iv e r s i t y .
B e y ro u ty ,  C . A . ,  Van Scoyoc, G .E. a n d  F e ld k a m p , J . R .  (1984). E v id en ce  
s u p p o r t in g  sp ec if ic  a d s o rp t io n  of b o ro n  on s y n th e t i c  aluminium 
h y d ro x id e s .  J o u rn a l  of th e  Soil Sc ience  S oc ie ty  of A m erica , 48 : 
284-287.
284
B h u m b la ,  D .R .  a n d  M cLean, E .O .  (1965). Aluminium in  soils : VI.
Soil S c ience  S o c ie ty  of America P ro c e e d in g s ,  28 : 370-374.
B je r r e ,  G .K .  a n d  S c h ie ru p ,  H .H . (1985).  U p take  of s ix  h eav y  m etals 
b y  o a t  a s  in f lu e n c e d  b y  soil ty p e  a n d  a d d i t io n s  of cadmium, le ad ,  
zinc a n d  c o p p e r .  P lan t  an d  Soil, 88 : 57-69.
B la c k ,  C .A .  (1 9 6 8 ) .  S o il-P lan t R e la t io n sh ip s  2nd E d ition .  John  Wiley 
a n d  S o n s .
B lackw ell,  P . S . ,  W ard , M .A .,  L e fe v re ,  R .N .  an d  C ow an, D . J .  (1985).
Com paction of swelling clay soil b y  a g r i c u l tu r a l  t r a f f ic ;  e f fec ts  upon  
c o n d i t io n s  fo r  g ro w th  of w in te r  c e re a ls  a n d  ev id en ce  of some r e c o v e ry  
of s t r u c t u r e .  Jo u rn a l  of Soil S c ience ,  36 : 633-650.
B le s in g ,  N . V . ,  L a c k e y ,  J .A .  a n d  S p r y ,  A„H. (1975).  R ehab ili ta tion  of 
an  a b a n d o n e d  mine s i te .  In :  M .J .  Jo n es  ( E d i to r ) .  M inerals an d  
th e  E n v iro n m e n t .  I n s t i t u t e  of Mining a n d  M eta l lu rg y  Symposium, 
L ondon .
Bloom field, C . (1 9 8 2 ) .  T he  tran s lo c a t io n  of m etals  in  so ils .  In :  D . J .
G re e n la n d ,  M .H .B .  H aynes ( E d i to r s ) .  T he  ch e m is try  of soil 
p r o c e s s e s .  J o h n  Wiley an d  Sons.
Bloom field, H .E .  , H an d le y ,  J . F .  an d  B ra d s h a w ,  A .D .  (1982). N u t r ie n t  
d ef ic ien c ies  a n d  th e  a f te r c a r e  of rec la im ed  d e re l ic t  la n d .  J o u rn a l  of 
A pp lied  E co logy , 19 : 151-158.
B o lan ,  N . S . ,  B a r ro w , N . J .  and  P o s n e r ,  A.M. (1985).  D esc r ib in g  th e  
e f fe c ts  of time on  so rp t io n  of p h o s p h a te  b y  i ro n  a n d  aluminium 
h y d r o x id e s .  J o u rn a l  of Soil S c ience ,  36 : 187-197.
B o lla rd ,  E .G .  a n d  B u t l e r ,  G.W. (1966). M ineral n u t r i t io n  of p la n ts .  
A nnua l R ev iew s of P lan t  P h y s io lo g y ,  17 : 77-112.
285
B o r g g a a r d ,  O .K .  (1984). In f lu e n c e  of i ro n  ox ides  on th e  n o n -s p e c if ic  
an ion  (ch lo r id e )  a d s o rp t io n  b y  so il.  J o u rn a l  of Soil S c ien ce ,  35 :
71-78.
B ra d s h a w ,  A .D .  an d  C hadw ick , M .J .  (1980).  T he R es to ra t io n  of L a n d  -  
T h e  Ecology an d  Reclamation of D e re l ic t  and  D e g ra d e d  L a n d .
B lackw ell Scien tific  P u b lic a t io n s .
B r a d s h a w ,  A . D . ,  F i t t e r ,  A .H .  a n d  H a n d le y ,  J . F .  (1973). Why use  to p -  
soil in  land  rec lam ation . S u r v e y o r ,  25 :•39 -41 .
B ra d s h a w ,  A .D .  a n d  McNeilly, T .  (1981).  Evolution an d  Po llu t ion .
T h e  I n s t i t u t e  of Biology. S tu d ie s  in Biology No. 130. E d w ard  
A rn o ld .
B r a d y ,  N .C .  (1974). T he  N a tu re  a n d  P ro p e r t i e s  of Soils . (8 th  E d i t io n ) .  
MacMillan.
B r a y ,  R .H .  a n d  K u r tz ,  L .T .  (1945).  D e te rm ina tion  of to ta l ,  o rg a n ic  a n d  
availab le  form s of p h o s p h o ru s  in so i ls .  Soil Science , 59 : 39-45.
B ro w n ,  A .L .  a n d  J u r in a k ,  J . J .  (1964).  E ffec ts  of liming on th e  ava ila ­
b i l i ty  of Zn an d  C u . Soil S c ie n ce ,  98 : 170-173.
B ro w n ,  B . A . ,  M unsell, R . I . ,  Holt, R . F .  an d  K ing , A .V . (1956). Soil 
r e a c t io n s  a t  v a r io u s  d e p th s  a s  in f lu e n c e d  by  time s ince  app l ica t ion  
a n d  am oun ts  of lim estone . Soil Science Society of America P ro c e e d ­
i n g s ,  20 : 518-522.
B r y e n to n ,  D .L .  a n d  R ose , J .G .  (1976 ) .  U tilization of coal r e f u s e  a s  a 
c o n c re te  a g g re g a te  ( c o a l - c r e t e ) . P ro c e e d in g s  of th e  5th  M ineral 
Waste U tilization Symposium : 107-113.
C a r t e r ,  D . L . ,  B ro w n , M .J .  a n d  R o b b in s ,  C.W. (1969). Selenium c o n c e n ­
t r a t io n  in  alfa lfa  from s e v e ra l  s o u rc e s  app lied  to a low selenium  
alka line  soil. Soil Science Socie ty  of America P ro c e e d in g s ,  33 : 715-718.
286
C a ru c c io ,  F .T .  (1985). E s tim ating  th e  acid po ten tia l  of coal mine r e f u s e .  
I n :  M .J .  C hadw ick , G .T .  Goodman (E d i to r s ) .  T he Ecology of
R e so u rc e  D eg rad a t io n  an d  R enew al.  Blackwell Sc ien tif ic  P u b l ic a t io n s .
C h ad w ick ,  M .J .  (1973). M ethods of a s se s sm e n t  of acid co lliery  spoil as 
a medium fo r  p la n t  g ro w th .  In :  R . J .  H u tn ik ,  G. D avis  ( E d i to r s ) .
Ecology a n d  Reclamation of D e v a s ta te d  L and , vol. I .  G ordon  an d  
B re a c h .
C h ad w ick ,  M .J .  (1981). Chemical c h a ra c te r i s a t io n  of co llie ry  spoil in  
re la t io n  to  th e  lo n g - te rm  p e r fo rm a n c e  of g ra s s  and  legum e sp ec ie s  
u n d e r  v a r io u s  f e r t i l iz e r  reg im es .  Commission of th e  E u ro p e a n  
Com m unities, 2nd E n v iro n m en ta l  R e s e a rc h  Program m e 1976-1980, 
E n v iro n m en t an d  Q uality  of L ife .
C h a u d h r y ,  F .M . a n d  L o n e ra g a n ,  J . F .  (1970). E ffec ts  of n i t r o g e n ,  co p p e r  
a n d  zinc f e r t i l iz e r s  on th e  c o p p e r  and  zinc n u tr i t io n  of w hea t p la n ts .  
A u s t ra l ia n  J o u rn a l  of A g r ic u l tu r a l  R e s e a rc h ,  21 : 865-879.
C h a u d h r y ,  F .M . and  L oner  a g a n ,  J . F .  (1972). Zinc a b s o rp t io n  by  w heat 
seed l in g s  : I I .  In h ib i t io n  b y  h y d ro g e n  ions and  by  m ic ro n u t r ie n t  
ca t io n s .  Soil Science Socie ty  of America P ro c e e d in g s ,  36 : 327-331.
C h ild ,  J . J .  (1980). N itrogen  f ix a t io n  b y  f re e - l iv in g  Rhizobium an d  i ts  
im plications. In :  N .S .  S u b b a  Rao (E d i to r ) .  R ece n t  A d v a n c e s  in
Biological N itro g en  F ixa t ion .  E dw ard  A rno ld .
C h i ld s ,  C.W. an d  L eslie ,  D.M. (1977).  In te r - e le m e n t  re la t io n s h ip s  in
i ro n -m a n g a n e se  co n cre tio n s  from a c a te n a ry  s e q u e n c e  of y e l lo w -g re y  
e a r t h  soils in lo e ss .  Soil S c ien ce ,  123 : 369-376.
C la rk s o n ,  D .T .  (1966). E ffec ts  of Aluminium on th e  u p ta k e  and  metabolism 
of p h o s p h o ru s  by  b a r le y  s e e d l in g s .  P lan t  P hys io logy ,  41 : 165-172.
C lark so n , D .T . (1967). In te rac tio n s  betw een aluminium and pho sp h o ru s
on ro o t  s u r f a c e s  a n d  cell wall m ateria l.  P la n t  a n d  Soil, 27 : 347-356.
C ooke, I . J .  an d  H is lop , J .  (1963). Use of a n io n -e x c h a n g e  r e s in  for th e  
a sse s sm e n t  of av a i lab le  soil p h o s p h o ru s .  Soil S c ie n ce ,  95 : 308-312.
C ornw ell ,  S .M . a n d  S to n e ,  E .L .  (1973). Soil ty p e  l i th o lo g y  an d  foliar 
composition of B e tu la  populifo lia  ( g r e y  b i r c h ) .  In :  R . J .  H u tn ik ,
G. D avis  ( E d i to r s ) .  Ecology and  Reclamation of D e v a s ta te d  L an d ,  
vol. I .  G ordon  an d  B re a c h .
C o s t ig a n ,  P .A .  , B ra d s h a w ,  A .D . and  Gemmell, R .P .  (1981). T he
reclam ation  of acid co lliery  spoil. I .  Acid p ro d u c t io n  p o te n t ia l .
Jo u rn a l  of A pp lied  Eco logy , 18 : 865-878.
C o s t ig a n ,  P . A . ,  B ra d s h a w ,  A .D . an d  Gemmell, R .P .  (1982). T he
rec lam ation  of ac id  co lliery  spoil. I I .  P rob lem s a s so c ia te d  w ith  th e
u se  of h ig h  r a t e s  of lim estone . Jo u rn a l  of A pp lied  E cology , 19 : 
193-201.
C u lv e n o r ,  R .A .  (1985).  T o le rance  of P h a la r is  a q u a t ic  a L. l ines  and
some o th e r  a g r ic u l tu r a l  sp ec ie s  to e x c e ss  m a n g a n e se ,  a n d  th e  e f fec t 
of aluminium on m a nganese  to le ran ce  in P .  aq u a t ic  a . A u s t ra l ia n  
Jo u rn a l ,  of A g r ic u l tu r a l  R e se a rc h ,  36 : 695-708.
Cum m ins, D .G . ,  P law s, W .T. and  G e n try ,  C .E .  (1965).  Chemical and  
p h y s ic a l  p r o p e r t i e s  of spoil b an k s  in E a s te rn  K e n tu c k y  coal f ie ld s .  
U .S .  D e p a r tm e n t  of A g r ic u l tu re ,  F o re s t  S c ie n ce ,  C e n t r a l  S ta te s  
F o re s t  E x p e r im en ta l  S ta t ion  R e se a rc h  P a p e r  C S -17 .
C u n n in g h a m , J .D .  , K e n n ey ,  D .R .  an d  R y a n ,  J .A .  (1975).  P h y to to x ic ity  
in metal u p ta k e  from soil t r e a te d  with metal am ended  s lu d g e .
J o u rn a l  of E n v iro n m en ta l  Q uali ty ,  4 : 455-460.
288
D a v e y ,  B .G .  a n d  Mitchell, R .L .  (1968). T he  d is t r ib u t io n  of t r a c e
elem ents  in  cocksfoo t (D ac ty l is  g lom era ta ) a t  f low ering .  J o u rn a l  of 
th e  Science of Food an d  A g r ic u l tu r e ,  19 : 425-431.
De M edeiros , A .R .  an d  H a r id a s a n ,  M. (1985). S easonal v a r ia t io n s  in th e  
fo liar c o n c e n tra t io n s  of n u t r i e n t s  in some aluminium accum ula ting  an d  
n o n -a c c u m u la t in g  sp ec ie s  of th e  C e r ra d o  re g io n  of C en tra l  B raz i l .  
P la n t  a n d  Soil, 88 : 433-436.
D e n n in g to n ,  V .N . and  C h ad w ick ,  M .J .  (1978). T h e  n u t r i e n t  b u d g e t  of 
co lliery  spoil tip  s i te s .  1. N u tr ie n t  in p u t  in ra in fa ll  a n d  n u t r i e n t  
lo s se s  in s u r f a c e  r u n - o f f .  J o u rn a l  of A pp lied  Ecology, 15 : 303-316.
D ick , A . C . ,  Malhi, S . S . ,  O 'S u l l iv an ,  P .A .  and  W alker, D .R .  (1985).
R e la t io n sh ip s  of soil chemical p ro p e r t i e s  to com position of five  b a r le y  
c u l t iv a r s ,  a n d  r e la t io n s h ip s  be tw een  c o n s t i tu e n t s  of whole p la n ts  and  
of g ra in .  P la n t  an d  Soil, 88 : 23-29.
D o n ah u e ,  R .L .  , S h ick lu n a ,  J . C .  an d  R o b e r tso n ,  L .S .  (1971). Soils -  An 
I n t ro d u c t io n  to Soils an d  P lan t  G row th . P re n t ic e -H a ll .
D onald , C.M. a n d  Williams C .H .  (1954). F e r t i l i ty  an d  p ro d u c t iv i ty  of 
podzolic soils as in f lu e n c e d  by  s u b te r r a n e a n  c lo v er  (T rifo lium  
s u b te r r a n e u m  L . )  a n d  s u p e rp h o s p h a te .  A u s t ra l ia n  J o u rn a l  of 
A g r ic u l tu ra l  R e s e a rc h ,  5 : 664-687.
D onovan , R . P . ,  F e ld e r ,  R .M . a n d  R o g e rs ,  H .H . (1976). V eg e ta t iv e  
s tab i l iz a t io n  of m ineral w as te  h e a p s .  U .S .  N ational T ech n ica l  
In fo rm ation  S e rv ic e ,  P .B .  R e p o r t  252176.,
D o u b led ay ,  G .P .  (1971). Soil form ing m a te r ia ls ,  t h e i r  n a t u r e  a n d
a ss e s sm e n t .  In :  L a n d sc a p e  Reclam ation, 1 : 70-83. U n iv e rs i ty  of
N e w c a s t le -U p o n -T y n e .  I . P . C .  B u s in e s s  P r e s s .
289
D o u b led ay ,  G .P .  (1972). D evelopm ent an d  m anagem en t of soils  on p i t  
h e a p s .  I n :  L a n d s c a p e  Reclam ation, 2 : 23-35. U n iv e rs i ty  of
N e w c a s t le -U p o n -T y n e .  I . P . C .  B u s in e s s  P r e s s .
D o u b led ay ,  G .P .  (1973). Topsoil sometimes th e  b e s t  a n sw e r  in reclam ­
ation .  S u r v e y o r ,  31 : 31-32.
Down, C .G .  (1975a). Soil developm ent on co llie ry  w as te  t ip s  in  re la t io n  
to  ag e .  I .  In t ro d u c t io n  an d  p h y s ica l  f a c to r s .  J o u rn a l  of A pp lied  
E co logy , 12 : 613-622.
Down, C .G .  (1975b) .  Soil developm ent on co llie ry  w aste  t ip s  in re la t io n  
to  ag e .  I I .  Chemical f a c to r s .  J o u rn a l  of A p p lie d  Eco logy , 12 : 
623-635.
Down, C .G .  a n d  S to c k s ,  J .  (1977). E nv iro n m en ta l  im pact of m ining. 
L ondon: A pp lied  S cience P u b l is h e r s .
D u n can ,  W.G. an d  O h lro g g e ,  A . J .  (1958). P r in c ip le s  of n u t r i e n t  u p ta k e  
from fe r t i l iz e r  b a n d s .  I I .  Root developm ent in  th e  b a n d .  A gronom y 
J o u r n a l ,  50 : 605-608.
E d w a rd s ,  A .F .  a n d  B re m n e r ,  J .M . (1967). D isp e rs io n  of soil p a r t ic le s  
b y  sonic v ib r a t io n .  J o u rn a l  of Soil S c ien ce ,  18 : 47-63.
F ie ld e s ,  M. a n d  C la r id g e ,  G .G .C .  (1975). A llophane .  In :  J .E .  G ieseking
(E d i to r ) .  Soil C om ponen ts ,  vol. 2. In o rg a n ic  com ponen ts .  S p r in g e r -  
V e r la g .
F i t t e r ,  A .H .  a n d  B ra d s h a w ,  A .D . (1974). R e sp o n s e  of Lolium p e r e n n e  
a n d  A g ro s t i s  te n u is  to  p h o sp h a te  a n d  o th e r  n u t r i t io n a l  fa c to rs  in 
th e  rec lam ation  of co llie ry  sha le .  J o u rn a l  of A p p lie d  Eco logy , 11 : 
597-608.
290
F lem ing ,  G .A . (1963). D is t r ib u t io n  of major a n d  t r a c e  elem ents  in some 
common p a s t u r e  sp ec ie s .  J o u rn a l  of th e  Sc ience  of Food an d  
A g r ic u l t u r e ,  14 : 203-208.
F lem ing ,  G .A . ( 1963-65). T ra c e  e lem ents  in  p la n ts  w ith  p a r t i c u la r
r e f e r e n c e  to  p a s tu r e  sp e c ie s .  O utlook in  A g r ic u l tu r e ,  4 : 270-285.
F lem ing , G .A . (1973). M ineral com position  of h e r b a g e .  In :  G.W. B u t l e r ,
R .W . Bailey  (E d i to r s ) .  C h em is try  an d  B io ch em is try  of H e rb a g e ,  
vo l.  I. Academic P r e s s .
F lem ing , G .A . an d  M u rp h y , W.E. (1968). T h e  u p ta k e  of some major an d  
t r a c e  e lem en ts  by  g r a s s e s  as  a f fe c te d  b y  seaso n  an d  s ta g e  of 
m a tu r i ty .  J o u rn a l  of th e  B r i t i s h  G ra s s la n d  S o c ie ty ,  23 : 174-185.
F o th ,  H .D .  (1984).  F u n d am e n ta ls  of Soil S c ien ce .  Jo h n  Wiley a n d  S o n s .
F o y ,  C . D . ,  A rm ig e r ,  W .H . ,  B r ig g le ,  L.W. a n d  R e id ,  D .A . (1965). 
D if fe re n t ia l  aluminium to le ra n c e  of w hea t a n d  b a r le y  v a r ie t ie s  in 
ac id  so ils .  A gronom y J o u r n a l ,  57 : 413-417.
G a r t s id e ,  D.W. a n d  McNeilly, T .  (1974). G enetic  s tu d ie s  in  h e a v y  metal 
to l e r a n t  p la n t s .  I I .  Zinc to le ra n c e  in A g ro s t i s  t e n u i s . H e re d i ty ,
33 : 303-308.
Gemmell, R .P .  (1973). C olliery  sha le  r e v e g e ta t io n  te c h n iq u e s .  S u r v e y o r ,  
6 : 27-29.
Gemmell, R . P .  (1977. Colonization of i n d u s t r i a l  w as te la n d .  T he  I n s t i t u t e  
of B iology -  S tu d ie s  in Biology No. 80. E d w a rd  A rno ld .
G oss ,  J .A .  (1973).  P hysio logy  of P la n ts  an d  T h e i r  C ells .  Pergam m on 
P r e s s .
G re g o ry ,  R . P . G .  a n d  B ra d sh a w ,  A .D . (1965). H eavy  metal to le ra n c e  in 
p o p u la t io n s  of A g ro s t is  te n u is  S ib th .  a n d  o th e r  g r a s s e s .  New 
P h y to lo g is t ,  64 : 131-143.
291
G u t t ,  W., N ixon , P . J . ,  Sm ith , M .A . ,  H a r r i s o n ,  W.H. a n d  R u ss e l l ,  A .D .  
(1974) .  A s u r v e y  of th e  lo c a tio n s ,  d isp o sa l  a n d  p ro s p e c t iv e  u s e s  
of th e  major in d u s t r ia l  b y - p r o d u c t s  a n d  w aste  m a te r ia ls .  B u ild in g  
R e s e a rc h  E s ta b l ish m e n t ,  D .O .E .
H a llsw o rth ,  E . G . ,  G reenw ood, E .A .N .  an d  A u d e n ,  J .  (1957). Some 
n u t r i e n t  in te ra c t io n s  a f fe c t in g  th e  g ro w th  of p a s t u r e  legum es in 
ac id  so ils .  J o u rn a l  of th e  S c ience  of Food a n d  A g r ic u l tu r e ,  8 : 60-65.
H a rg ro v e ,  W .L . ,  O hki,  K . a n d  Wilson, D .O . (1985).  In f lu e n c e  of w a sh in g  
on e lem ental an a ly s is  of le a v e s  of f ie ld -g ro w n  c rop  p la n ts .  P la n t  
a n d  Soil, 88 : 93-100.
H a tc h e r ,  J . T . ,  B ow er, C .A .  a n d  C la rk ,  M. (1967). A d so rp t io n  of b o ro n  
b y  soils as in f lu e n c e d  b y  h y d r o x y  aluminium a n d  s u r f a c e  a re a .
Soil S c ie n ce ,  104 : 422-426.
H a u s e n b u i l le r ,  R .L .  (1972). Soil S c ience .  P r in c ip le s  a n d  P r a c t i c e s .
W .C. B row n Co.
H a y n e s ,  R . J .  (1982). E ffec t  of lime a n d  p h o s p h a te  app lica tion  on th e  
a d s o rp t io n  of p h o s p h a te ,  s u lp h a te  a n d  m olybda te  b y  a spodoso l .
Soil S c ie n ce ,  135 : 221-227.
H ell ing , C . S . ,  C h e s te r s ,  G. a n d  C o re y ,  R .B .  (1964). C o n tr ib u t io n  of 
o rg an ic  m a t te r  an d  c lay  to soil ca tion  e x c h a n g e  cap a c ity  as  e f f e c te d  
b y  th e  pH of th e  s a tu r a t in g  so lu tio n .  Soil S c ience  Society  of A m erica  
P ro c e e d in g s ,  28 : 517-520.
H em ingw ay, R .G .  (1962). C o p p e r ,  m o lybdenum , m an g an ese  an d  i ro n
c o n te n ts  of h e rb a g e  as in f lu e n c e d  b y  fe r t i l iz e r  t r e a tm e n ts  o v e r  a 3 
y e a r  p e r io d .  J o u rn a l  of th e  B r i t i s h  G ra s s la n d  Socie ty , 17 : 182-187.
292
H in es ly ,  T . D . ,  R e d b o rg ,  K . E . ,  Z ieg le r ,  E .L .  an d  A le x a n d e r ,  J .D .
( 1982). E ffec t  of soil ca t ion  e x c h a n g e  capac ity  on th e  u p ta k e  of 
cadmium b y  c o rn .  J o u rn a l  of th e  Soil Science Socie ty  of A m erica ,
46 : 490-497.
H o d g so n , J . F . ,  L in d s a y ,  W.L. a n d  T r ie rw e i le r ,  J . F .  (1966) .  Micro­
n u t r i e n t  ca tion  com plexing  in soil so lu tions  : I I .  Com plexing  of zinc 
a n d  c o p p e r  in  d isp la c e d  so lu t io n s  from ca lca reo u s  so ils .  Soil Science 
Socie ty  of A m erica P ro c e e d in g s ,  30 : 723-726.
H olfo rd , I . C . R .  a n d  M att in g ly ,  G .E .G .  ( 1975). T he  h ig h -  a n d  lo w -e n e rg y  
p h o s p h a te  a d s o rb in g  s u r f a c e s  in ca lca reo u s  so ils .  J o u rn a l  of Soil 
Sc ience , 26 : 407-417.
H su ,  P .H .  (1964).  A d so rp t io n  of p h o s p h a te  b y  aluminium a n d  i ro n  in  
so ils .  Soil S c ience  Soc ie ty  of A m erica P ro c e e d in g s ,  28 : 474-478.
H ue ,  N .V . an d  A dam s, F .  (1984) .  E ffec t of p h o s p h o ru s  level on n i t r i f i ­
cation  r a t e s  in t h r e e  lo w -p h o s p h o ru s  u l t iso ls .  Soil S c ien ce ,  137 : 
324-331.
Jam es ,  P .  ( 1982). T h e  F u t u r e  of Coal. MacMillan.
J a r v i s ,  S .C .  (1980).  T h e  u p ta k e  a n d  d is t r ib u t io n  of C u  in  p e re n n ia l
r y e g r a s s  a n d  w hite  c lo v e r  grow n in flowing so lu tion  c u l tu r e  w ith  a 
co n tro l led  s u p p ly  of C u . J o u rn a l  of th e  Science of Food an d  
A g r ic u l tu r e ,  31 : 870-876.
J a y n e s ,  D . B . ,  R ogow ski,  A .S .  a n d  P ionke ,  H .B .  (1983). A tm o sp h e re  
a n d  te m p e ra tu r e  c h a n g e s  w ith in  a reclaim ed coal s t r i p  mine. Soil 
S c ience , 136 : 164-177.
J o n e s ,  L .H .P .  an d  J a r v i s ,  S .C .  (1981).  T he  fa te  of h e a v y  m eta ls .
In :  D . J .  G re e n la n d ,  M .H .B .  H aynes  ( E d i to r s ) .  T h e  C h e m is try  of
Soil P ro c e s s e s .  W ile y - In te rsc ie n c e .
Jones ,  L .H .P . ,  J a rv is ,  S .C .  a n d  Cowling, D.W. (1973) .  Lead  u p ta k e  
from soils b y  p e r e n n ia l  r y e g r a s s  an d  i ts  re la t io n  to  th e  s u p p ly  of 
an e s se n t ia l  e lem ent ( s u l p h u r ) .  P lan t  and  Soil, 38 : 605-619.
Joyce ,  A .S .  (1975) .  A pp lica tion  of reg io n a l  geochemical r e c o n n a is sa n c e  
to  a g r i c u l tu r e .  In :  D . J .D .  Nicholas, A .R .  E gan  ( E d i to r s ) .  T rac e
Elements in S o il-P lan t-A nim al S y s tem s . Academic P r e s s .
K elley , W .P. (1964 ) .  Soil p ro p e r t i e s  in re la tion  to e x c h a n g e a b le  cations  
a n d  k in d  of e x c h a n g e  m a teria l .  Soil Science, 98 : 408-412.
Kent, M. (1982).  P la n t  g ro w th  p rob lem s in  co lliery  spoil rec lam ation . 
A pp lied  G e o g ra p h y ,  2 : 83-107.
Khalil, N .F .  (1981).  I n v e s t ig a t io n  of In o rg an ic  F a c to rs  in  Soil Limiting 
th e  G row th  of S i tk a  S p ru c e .  P h .D .  Thesis, Glasgow U n iv e rs i ty .
Kimber, A . J .  (1982) . O c c u r re n c e  a n d  B eh av io u r  of M etals in Coal Mine 
Wastes of C e n t r a l  S co tlan d .  P h .D .  T hes is ,  G lasgow U n iv e rs i ty .
Kimber, A . J . ,  P u lfo rd ,  I .D .  an d  Duncan, H .J .  (1978). Chemical
v a r ia t io n  a n d  v e g e ta t io n  d is t r ib u t io n  on a coal w as te  t ip .  J o u rn a l  
of A pp lied  Ecology, 15 : 627-633.
K itt r ick ,  J .A .  a n d  Jackson ,  M.L. (1955). R ate  of p h o s p h a te  reac tio n  
w ith  soil m in e ra ls  a n d  e lec tron  m icroscope o b s e rv a t io n s  on th e  
re a c t io n  m echan ism . Soil Science Society of A m erica P ro ceed in g s ,
19 : 292-295.
K nezek ,  B .D .  a n d  Ellis, B .G .  (1980). E ssen tia l  m ic ro n u t r ie n ts  I V : 
copper ,  iron , m a n g an ese  a n d  z inc . In :  B .E .  D avies  (E d i to r ) .
A pp lied  Soil T ra c e  E lem ents .  W iley -In te rsc ien ce .
294
K u n ish i, H.M. (1982). Combined e ffec ts  of lime, pho sp h ate  fe rtilize r and
aluminium on p la n t  y ie ld  from an ac id  soil of th e  S o u th e rn  U nited
S ta t e s .  Soil S c ience ,  134 : 233-238.
32L a r s e n ,  S . (1952).  T he  use  of P in  s tu d ie s  on th e  u p ta k e  of p h o s p h o r u s  
b y  p la n t s .  P la n t  an d  Soil, 4 : 1-10.
L aw son , E .M . a n d  N ixon, P . J .  (1978). A s u r v e y  of th e  loca tions ,  d isp o sa l  
a n d  p ro s p e c t iv e  u se s  of th e  major in d u s t r i a l  b y - p r o d u c t s  an d  w as te  
m a te r ia ls  in  S co tlan d .  B u ild ing  R e s e a rc h  E s ta b l ish m e n t ,  D .O .E .
L o n e ra g a n ,  J . F .  ( 1975). T he  availab ili ty  a n d  a b so rp t io n  of t r a c e  elem ents  
in so i l -p la n t  sy s tem s  an d  th e i r  re la t io n  to  movem ent an d  c o n c e n t r a t ­
io n s  of t r a c e  e lem ents  in p la n ts .  In :  D . J .D .  N icholas, A .R .  E gan
( E d i to r s ) .  T ra c e  Elem ents in So il-P lan t-A nim al S y s tem s.  Academic 
P r e s s ,
M cC onaghy , S , a n d  S te w a r t ,  J .W .B .  (1963). A vailab ili ty  of soil an d
fe r t i l i z e r  p h o s p h a te s  to g row ing c ro p s .  Jo u rn a l  of th e  Science of 
Food a n d  A g r ic u l tu r e ,  14 : 329-341.
M acLean, A . J .  (1976).  Cadmium in d i f f e r e n t  p la n t  spec ie s  an d  i ts
av a i lab i l i ty  in  soils as in f lu en ced  b y  o rg an ic  m a tte r  an d  a d d it io n s  of 
lime, P ,  C d  a n d  Zn. C anad ian  J o u rn a l  of Soil S c ience , 56 : 129-138.
M acLean, A . J .  a n d  D e k k e r ,  A . J .  ( 1976). Lime re q u i re m e n t  an d  availa ­
b i l i ty  of n u t r i e n t s  an d  toxic m etals  to p la n ts  g row n in  acid  mine 
ta i l in g s .  C anad ian  J o u rn a l  of Soil S c ience , 56 : 27-36.
M cN augh t,  K . J .  a n d  D orofaeff ,  F .D .  (1968). E ffec t  of magnesium
fe r t i l i z e r s  a n d  season  on levels  of in o rg a n ic  n u t r i e n t s  in  a p a s tu r e  
on Hamilton c lay  loam. I I .  N i t ro g e n ,  p h o s p h o r u s ,  s u lp h u r ,  p o ta ss iu m , 
sodium a n d  t r a c e  e lem ents .  New Zealand  J o u rn a l  of A g r ic u l tu ra l  
R e se a rc h ,  11 : 551-559.
295
M ay, J . T . ,  Jo h n so n ,  H .H . ,  P e r k in s ,  H .F .  a n d  M cC ree ry ,  R .A .  (1973).
Some c h a ra c te r i s t i c s  of spoil m a teria l  from kaolin clay s t r ip  m in ing .
In :  R . J .  H u tn ik ,  G. Davis ( E d i to r s ) .  Ecology a n d  Reclam ation of
D e v a s ta te d  L a n d ,  vol. I .  G ordon a n d  B re a c h .
M e r ry ,  R .H .  a n d  T il le r ,  K .G . (1986). T h e  e ffec ts  of contam ination  of
soil w ith  c o p p e r ,  lead  an d  a r s e n ic  on th e  g row th  a n d  com position of 
p la n ts .  P lan t  a n d  Soil, 91 : 115-128.
M ess in g ,  J .H .L .  (1971). Metal to x ic i t ie s  in g la ssh o u se  c ro p s .  In :  T ra c e
E lem ents  in  Soils a n d  C ro p s .  M in is try  of A g r ic u l tu re ,  F is h e r ie s  a n d  
F ood, T echn ica l B ulle tin  No. 21, H .M .S .O .
M itchell, R .L .  (1964). T ra c e  e lem en ts  in  soil. In :  F .E .  B ea r  ( E d i to r ) .
C h em is try  of th e  Soil. R e inho ld  P u b l ish in g  C orp .
M itchell, R .L .  (1971). T ra c e  e lem en ts  in  soil. In :  T ra c e  E lem ents  in
Soils a n d  C ro p s .  M in is try  of A g r ic u l tu r e ,  F ish e r ie s  an d  Food ,
T echn ica l  B u lle tin  No. 21, H .M .S .O .
M itchell,  R . L . ,  R e i th ,  J .W .S .  a n d  J o h n s to n ,  I .M . (1957). T rac e  e lem ent 
u p ta k e  in re la t io n  to  soil c o n te n t .  J o u rn a l  of th e  Science of Food  a n d  
A g r ic u l tu r e ,  8 : 51-59.
M okw unye, U. ( 1975). T he in f lu en ce  of pH on th e  a d so rp t io n  of p h o s p h a te  
b y  soils from th e  G uinea a n d  S u d a n  S av a n n a h  zones  of N ig e r ia .
Soil Science Society  of America P ro c e e d in g s ,  39 : 1100-1102.
M u rp h y ,  H . E . ,  E d w a rd s ,  D .G . a n d  A s h e r ,  C . J .  (1984). E ffec t  of aluminium 
on n o du la tion  a n d  e a r ly  g ro w th  of fo u r  t ro p ica l  p a s tu r e  leg u m es .  
A u s t r a l ia n  J o u rn a l  of A g r ic u l tu ra l  R e se a rc h ,  35 : 663-673.
N a g a ra ja h ,  S . ,  P o s n e r ,  A .H .  a n d  Q u irk ,  J . P .  (1968). D eso rp tio n  of 
p h o s p h a te  from kao lin ite  b y  c i t r a te  a n d  b ic a rb o n a te .  Soil S c ience  
Socie ty  of America P ro c e e d in g s ,  32 : 507-510.
296
N aso n ,  A. an d  M cElroy, W.D. (1963). Modes of ac tion  of th e  e s s e n t ia l  
m ineral e lem en ts .  In :  F .C .  S tew ard  (E d i to r ) .  P la n t  P h y s io lo g y .
I I I .  In o rg an ic  n u t r i t io n  of p la n ts .  Academic P r e s s .
N ational Coal B o a rd  p u b lica t io n  (1984 /85).  NCB A nnual R e p o r t  an d  
A cco u n ts .
N ational Coal B o ard  p u b lica t io n  (1986). B r i ta in 's  Coal I n d u s t r y .  F a c ts  
a n d  F ig u re s .
N e lle r ,  J . R .  (1953). E ffec t  of lime on ava ilab ili ty  of la b e lle d  p h o s p h o ru s  
of p h o s p h a te s  in R u tle g e  f ine  sa n d  an d  M arlboro a n d  C a rn e g ie  fine 
s a n d y  loams. Soil S c ience ,  75 : 103-108.
O lsen ,  S . R . ,  C oles, C . V . ,  W atanabe, F .S .  a n d  D ean , L .A .  (1954).
Estim ation of ava ilab le  p h o s p h o ru s  in soil b y  e x t ra c t io n  w ith  sodium 
b ic a rb o n a te .  U n ited  S ta te s  D ep a r tm en t  of A g r ic u l tu r e  C irc u la r  No. 939.
P a lm er ,  J . P .  a n d  I v e r s o n ,  L .R .  (1983). F a c to rs  a f fe c t in g  n i t r o g e n  f ixa tion  
b y  w hite  c lover  (Trifo lium  r e p e n s )  on colliery  spo il.  J o u rn a l  of 
A pp lied  Ecology, 20 : 287-301.
P a r f i t t ,  R .L .  (1978). Anion a d so rp t io n  b y  soils  an d  soil m a te r ia ls .
A d v an ces  in A gronom y, 30 : 1-50.
P e ts c h ,  G. (1975). Spoil h e a p s  in th e  R u h r  d i s t r i c t  a n d  th e i r  in t e g ra t io n  
in to  th e  la n d sc a p e  as  a m easu re  to im prove  en v iro n m en ta l  co n d it io n s .
In :  M .J .  C hadw ick ,  G .T .  Goodman ( E d i to r s ) .  T he  Ecology of
R eso u rce  D eg rad a t io n  a n d  R enew al. B lackwell S c ien tif ic  P u b lic a t io n s .
P o w e r ,  J . F . ,  S andoval ,  F .M . R ies ,  R .E .  a n d  M errill ,  S .D .  (1981).
E ffec ts  of topsoil a n d  subso i l  th ic k n e s s  on soil w a te r  c o n te n t  an d  
c rop  p ro d u c t io n  on a d i s tu r b e d  soil. J o u rn a l  of th e  Soil Science 
Socie ty  of A m erica , 45 : 124-129.
297
P u lfo rd ,  I .D .  (1976). Reclamation of I n d u s t r i a l  Waste a n d  D ere le c t  L a n d .
P h .D .  T hes is ,  U n iv e rs i ty  of Glasgow.
Pu lfo rd ,  I .D .  an d  D uncan , H .J .  (1975) . T h e  in f lu en ce  of p y r i t e  ox ida tion  
p r o d u c ts  on th e  a d s o rp t io n  of p h o s p h a te  b y  coal mine w as te .
Jo u rn a l  of Soil Sciences , 26 : 74-80 
P u lfo rd ,  I . D . ,  Kimber, A . J .  and  D uncan , H . J .  (1982). In f lu e n c e  of pH a n d  
m anganese  ox ides  on th e  e x t ra c t io n  a n d  a d s o rp t io n  of t r a c e  m etals in 
colliery  spoil of th e  C e n t ra l  S co t t ish  Coalfield . R eclam ation  an d  
R ev eg e ta t io n  R e s e a rc h ,  1 : 19-31.
Pu lfo rd , I .D . ,  Kimber, A . J .  a n d  D uncan, H .J .  (1983). L ea ch in g  of m etals 
from acid  co llie ry  spo il .  In :  P ro c e e d in g s  of In te rn a t io n a l  C o n fe re n c e .  
H eavy metals in  th e  en v iro n m en t ,  C . E .P .  C o n s u l ta n ts  L td . ,  E d in b u rg h .  
Reay, P .F .  a n d  M arsh, B . (1976). E lement composition of r y e g r a s s  an d  r e d  
c lo v er  le av es  d u r in g  a g row ing seaso n .  New Z ea land  J o u rn a l  of 
A g r ic u l tu ra l  R esea rch ,  19 : 469-472.
R ich a rd so n ,  J .A .  (1976).  P it  h eap s  in to  p a s t u r e .  In :  J .  Lenihan, W.W.
F le tc h e r  ( E d i to r s ) .  E n v iro n m en t an d  Man, vol. IV . Reclam ation. 
Academic P r e s s .
R o b e r ts ,  R .D . ,  M arrs ,  R .H . ,  S keffing ton , R .A .  a n d  B rad sh aw , A .D .  (1981). 
Ecosystem  d eve lopm en t on n a tu ra l ly -c o lo n iz e d  ch in a  c lay  w a s te s .  I .  
V ege ta tion  c h a n g e s  a n d  overa ll  accum ulation  of o rg an ic  m a t te r  a n d  
n u t r i e n t s .  J o u r n a l  of Ecology, 69 : 153-161.
R ob inson ,  D. an d  Rorison, I .H .  (1985). A q u a n t i ta t iv e  a n a ly s is  of th e  
re la t io n sh ip  b e tw ee n  ro o t  d is t r ib u t io n  an d  n i t ro g e n  u p ta k e  from soil 
b y  g r a s s  sp e c ie s .  J o u rn a l  of Soil Science, 36 : 71-85.
R obson , A .D . an d  R e u te r ,  D . J .  (1981). D iagnosis  of c o p p e r  de f ic iency  a n d  
to x ic i ty .  In :  J . F .  L oneragan , A .D . Robson, R .D .  G raham  ( E d i to r s ) .
C o p p e r  in Soils a n d  P la n ts .  P ro ceed in g s  of In te rn a t io n a l  Symposium, 
P e r th ,  A u s t r a l ia .  Academic P r e s s .
R u sse l l ,  E.W. (1973).  Soil C ond it ions  a n d  P la n t  G ro w th .  10th E d ition . 
L ongm an.
Salami, U .A .  a n d  K en e f ic k ,  D .G . (1970). S tim ula tion  of g row th  in  zinc
d e f ic ie n t  co rn  s e e d l in g s  b y  th e  ad d i t io n  of t r y p t o p h a n .  C rop  S cience , 
10 : 291-294.
Salmon, R .C .  (1963).  Magnesium r e la t io n s h ip s  in soils  a n d  p la n ts .  J o u rn a l  
of th e  S cience  of Food an d  A g r ic u l tu r e ,  14 : 605-610.
S a u n d e r s ,  W.M.H. ( 1965). P h o sp h a te  r e t e n t io n  b y  New Zealand soils a n d  
i t s  r e la t io n s h ip  to f r e e  se s q u io x id e s ,  o rg a n ic  m a t te r  an d  o th e r  soil 
p r o p e r t i e s .  New Zealand J o u rn a l  of A g r ic u l tu r a l  R e se a rc h ,  8 : 30-57.
S a w h n e y ,  B . L . ,  F r in k ,  C .R .  an d  Hill, D .E .  (1970) .  C om ponents  of pH 
d e p e n d e n t  ca t ion  e x c h a n g e  cap a c i ty .  Soil S c ie n ce ,  109 : 272-278.
S h e n ,  M .J .  a n d  R ich ,  C . I .  ( 1962). Aluminium f ix a t io n  in  m ontm orillonite. 
Soil Sc ience  Soc ie ty  of America P r o c e e d in g s ,  26 : 33-36.
Sm ith , K .A .  (1971).  T he  com para tive  u p ta k e  a n d  t ra n s lo c a t io n  b y  p la n ts  
of calcium , s t ro n t iu m ,  barium  a n d  ra d iu m .  I I .  T ri t icum  v u lg a re  
( w h e a t ) .  P la n t  a n d  Soil, 34 : 643-651.
Sm ith , R .M . ,  T ry o n ,  E .H .  a n d  T y n e r ,  E .H .  (1971).  Soil developm ent on 
mine spo il.  West V irg in ia  A g r ic u l tu ra l  E x p e r im en ta l  S ta t io n ,  B u lle tin  
604T.
S t r u t h e r s ,  P .H .  (1964). Chemical w e a th e r in g  of s t r ip -m in e  sp o ils .  Iowa 
J o u rn a l  of S c ien ce ,  64 : 125-134.
S tu c k y ,  D . J . ,  B a u e r ,  J .H .  a n d  L in d sa y ,  T . C .  (1980).  R e s to ra t io n  of ac id  
mine spoil w ith  sew age s lu d g e .  I .  R e v e g e ta t io n .  Reclamation R ev iew , 
3 : 129-139.
Sw aine , D . J .  an d  M itchell, R .L .  (1960). T ra c e  e lem ent d is t r ib u t io n  in  soil 
p ro f i l e s .  J o u rn a l  of Soil Sc ience , 11 : 347-368.
299
T a l ib u d e e n ,  O. (1957). Iso top ica lly  e x c h a n g e a b le  p h o s p h o ru s  in so ils .  I I .  
F a c to r s  in f lu e n c in g  th e  es tim ation  of " labile" p h o s p h o ru s .  J o u r n a l  of 
Soil S c ience ,  8 : 86-97.
T a l ib u d e e n ,  0 .  (1981). Cation  e x c h a n g e  in  so ils .  In :  D .J .  G re e n la n d ,
M .H .B .  H aynes  (E d i to r s ) .  T he  C h e m is try  of Soil P ro c e s s e s .  Wiley- 
In te r s c ie n c e .
T h o m p so n ,  L .M . a n d  T ro e h ,  F .R .  (1973).  Soils a n d  Soil F e r t i l i t y ,  3 rd  
E d it io n .  M cGraw-Hill P u b lic a tio n s  in th e  A g r ic u l tu ra l  Sc iences .
T h o m p so n ,  J .K .  a n d  W arren , R.W. ( 1979). V ar ia t io n s  in composition of 
p a s t u r e  h e rb a g e .  G ra ss  an d  F o ra g e  S c ie n ce ,  34 : 83-88.
T h o r n e ,  D.W. a n d  S e a t z , L .F .  ( 1955). A cid , a lka line ,  alkali a n d  sa line  
so ils .  In :  F .E .  B ea r  (E d i to r ) .  C h e m is t ry  of th e  Soil. R e inho ld .
T u r n e r ,  R .C .  a n d  B ry d o n ,  J .E .  ( 1962). Form ation  of double h y d ro x id e s  
a n d  th e  t i t r a t io n  of c lay s .  S c ience ,  136 : 1052-1054.
U n ite d  S ta te s  C o n g re s s  Office of T ech n o lo g y  A ss e s sm e n t  (1979). T h e  
D ire c t  Use of Coal -  P ro s p e c ts  a n d  P rob lem s  of P ro d u c t io n  an d  
C om bustion .  U .S .  G overnm en t P r in t in g  O ffice .
U n ite d  S ta te s  N ational R e s e a rc h  C ounc il-S ubcom m ittee  on M ineral T o x ic i ty  
in  Animals (1980). Mineral T o le ran ce  of Domestic Animals. N ational 
A cadem y P r e s s .  U .S .  N ational A cadem y of S c iences .
U n ite d  S ta te s  N ational R e s e a rc h  Council ( 1980) . T ra c e  Element G eochem is try  
of Coal R e so u rc e  D evelopm ent R e la te d  to E nv ironm en ta l Q uality  a n d  
H ea lth .  A ssem bly  of M athematical a n d  P h y s ic a l  S c iences .  U .S .  N ational 
A cadem y P r e s s .
Van R iem sd ijk ,  W.H. a n d  Lyklem a, J .  (1980).  R eaction  of p h o s p h a te  w ith  
g ib b s i te  (A l(O H )^) b e y o n d  th e  a d s o rp t io n  maximum. Jo u rn a l  of 
Colloidal I n te r f a c e  S c ience , 76 : 55-66.
300
V olk , V .V . a n d  McLean, E .O .  (1963). T he  fa te  of ap p l ied  p h o s p h o r u s  in 
f o u r  Ohio so ils .  Soil S c ience  Socie ty  of A merica P ro c e e d in g s ,  27 :
53-58.
Wada, S . I .  a n d  Wada, K. (1985 ) .  C h a rg e  c h a ra c te r i s t ic s  a n d  e x c h a n g e a b le  
ca tion  s t a t u s  of K o rean  u lt iso ls  an d  a lfisols  an d  T hai u lt iso ls  a n d  
ox iso ls .  Jo u rn a l  of Soil S c ience , 36 : 21-29.
Walley, K .A . ,  K h an ,  M .S . I .  a n d  B ra d s h a w ,  A .D . (1974). T h e  p o te n t ia l  
fo r  evo lu tion  of h e a v y  m etal to le ran ce  in  p la n ts .  I .  C o p p e r  a n d  zinc 
to le ra n c e  in A g ro s t i s  t e n u i s . H e re d i ty ,  32 : 309-319.
Wear, J . I .  (1956) . E f fe c t  of soil pH a n d  calcium on u p ta k e  of zinc b y  p la n ts .
Soil S c ien ce ,  81 : 311-315.
W ilkins, C . (1979). T h e  d i s t r ib u t io n  of m an g an ese ,  i ro n ,  c o p p e r  a n d  zinc 
in  topso ils  a n d  h e r b a g e  of N o r th  West P em b ro k e sh ire .  J o u rn a l  of 
A g r ic u l tu r a l  S c ience ,  92 : 61-68.
Williams, E .G .  (1950). P h o s p h a te  fixation  a n d  ava ilab ili ty .  J o u rn a l  of
th e  Science of Food a n d  A g r ic u l tu r e ,  1 : 244-248.
Williams, P . J .  (1975). I n v e s t ig a t io n  in to  th e  n i t ro g e n  cycle in co l lie ry  spoil.  
In :  M. J .  C h ad w ick ,  G . T .  Goodman (E d i to r s ) .  T he  Ecology of R eso u rce
D e g ra d a t io n  a n d  R enew al.  Blackwell Scien tific  P u b lic a t io n s .
Williams, P . J .  an d  C o o p e r ,  J . E„  (1976). N itro g en  m ineraliza tion  a n d  n i t r i f i ­
ca t ion  in  am ended  co llie ry  sp o ils .  J o u rn a l  of A pp lied  E co logy , 13 : 
533-543.
Williams, E . G.  a n d  K n ig h t ,  A . H .  (1963). Evalua tion  of soil p h o s p h a te  s t a t u s
b y  p o t  e x p e r im e n ts ,  co n v en tio n a l  e x t ra c t io n  m e thods a n d  lab ile  p h o s p h a te
32v a lu es  e s t im a ted  w ith  th e  a id  of P .  J o u rn a l  of th e  S c ience  of Food 
a n d  A g r ic u l tu r e ,  14 : 555-563.
Williams, E . G . ,  S c o t t ,  N. M.  a n d  McDonald, M. J .  (1958). Soil p r o p e r t i e s  
a n d  p h o s p h a te  s o rp t io n .  J o u rn a l  of th e  Science of Food a n d  
A g r ic u l tu r e ,  9 : 551-559.
Williams, E . G.  a n d  S te w a r t ,  A . B .  (1941). T he co lorim etric  d e te rm in a tio n  
of r e a d i ly  so lub le  p h o s p h a te  in  soils .
Wilson, C . L .  ( 1980). Coal -  B r id g e  to th e  F u tu r e .  R e p o r t  on th e  World 
Coal S tu d y  (WOCOL). B a l l in g e r  P u b lish in g  Com pany.
W insor, G.W.  a n d  L ong , M. I . E .  ( 1963). Some e ffec ts  of po ta ss ium  a n d  lime 
on th e  re la t io n  be tw een  p h o s p h o ru s  in soil a n d  p la n t ,  w ith  p a r t i c u la r  
r e f e r e n c e  to  g la ssh o u se  tom atoes ,  c a rn a t io n s  a n d  w in te r  l e t tu c e .  
J o u rn a l  of th e  Science of Food an d  A g r ic u l tu re ,  14 : 251-259.
W o o lh o u se ,  H.W.  ( 1966). T he  e ffec t  of b ic a rb o n a te  on th e  u p ta k e  of iron  
in  fo u r  d i f f e r e n t  s p e c ie s .  New P h y to lo g is t ,  65 : 372-375.
Wu, L . ,  B ra d s h a w ,  A . D .  a n d  T h u rm a n ,  D. A.  (1975). T h e  p o te n t ia l  fo r
evo lu tion  of h e a v y  m etal to le ran ce  in  p la n ts .  I I I .  T h e  r a p id  evo lu tion  
of c o p p e r  to le ra n c e  in  A g ro s t is  s to lo n ife ra . H e re d i ty ,  34 : 165-187.
W ater R e s e a rc h  Council ( 1985) . T h e  A g r ic u l tu ra l  Value of Sew age S lu d g e  -  
A F a rm e rs '  G uide.
